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SYNTHESIS OF MACROPOROUS HYDROGELS FROM FROZEN 
MONOMER SOLUTIONS AND THEIR CHARACTERIZATION 
SUMMARY 
Hydrogels are soft and smart materials capable of changing volume and/or shape in 
response to specific external stimuli, such as the temperature or the solvent quality.  
These properties of hydrogels received considerable interest in last three decades.  
However, hydrogels suffer from the lack of mechanical stability.  Further, they also 
exhibit a slow rate of response against the external stimuli.  These two drawbacks 
limit the practical applications of hydrogels.  The aim of this Ph.D. thesis is to 
prepare hydrogels exhibiting both an excellent mechanical performance and a 
superfast responsivity against the external stimuli.  To achieve this aim, two main 
techniques were used to obtain gels of high toughness and superfast responsivity.  
In the first part of this thesis, it was shown that the gelation reactions of the ionic 
monomer 2-acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS) and the 
crosslinker N, N’-methylenebis (acrylamide) (BAAm) in aqueous solutions at a high 
crosslinker content and at a low monomer concentration lead to the formation of 
microgel-network gels that stiffen upon swelling.  These microgel-network gels 
consist of highly crosslinked (dense) regions connected to a macronetwork through 
the network chains.  The low modulus of elasticity of the hydrogels even at a BAAm 
content as high as 50% suggests that the dense regions of gel mainly consist of 
agglomerates of BAAm molecules.  Since the interstices between the dense regions 
are highly diluted, the network chains in these regions are in an extended 
conformation. Due to this fact, swelling shifts these chains in the non-Gaussian 
regime, even at a gel state just after their preparation. 
Using this route, although the mechanical properties of swollen hydrogels were 
improved, their response rate against the external stimuli was too slow for practical 
applications.  Therefore, as a second approach, an interconnected pore structure was 
constructed within the polymeric matrices by applying the “cryogelation technique” 
to the present gelling systems.  Thus, the free radical crosslinking reactions of AMPS 
and BAAm were conducted at temperatures much below the freezing point of the 
polymerization solvent.  Macroporous poly(AMPS) (PAMPS) hydrogels, that is, so-
called cryogels with distinct properties were prepared.  The advantage of the 
cryogelation process was twofold: Beside the superfast responsivity of the cryogels 
thus obtained, they also exhibited a high degree of toughness.  The major part of this 
study discusses the formation-properties relations of PAMPS cryogels prepared from 
frozen monomer solutions.  Effect of several experimental parameters on the gel 
properties was investigated.   
  xx
Gravimetric measurements showed formation of an insoluble polymer network at 
subzero temperatures Tprep even at an initial monomer concentration of Co = 0.1 %.  
However, gelation reactions conducted at 25 oC required at least Co = 5 % to obtain a 
crosslinked polymer.  Thus, the critical monomer concentration for the onset of 
gelation is much lower in the cryogels compared to the conventional hydrogels.  
These results suggest that reducing Tprep below the bulk freezing temperature of the 
reaction system accelerates the intermolecular crosslinking reactions. 
Among several synthesis parameters affecting the properties of the resulting gels, the 
gel preparation temperature Tprep was found to be the most significant one.  
Depending on Tprep, two different regimes were observed from the experiments.  At 
Tprep= -8 oC or above, PAMPS gels exhibit relatively high swelling ratios Veq of the 
order of 101, and low moduli of elasticity G in the range of 102–103 Pa.  However, 
decreasing  Tprep below  -8 oC results in a tenfold decrease in the swelling ratio and 
about tenfold increase in the elastic modulus of gels.  Thus, the swelling and elastic 
properties of PAMPS drastically change as Tprep is decreased below – 8 oC.   SEM 
images of PAMPS networks formed at various Tprep, indicates that all of the polymer 
samples formed below -8 oC have a porous structure with pore sizes of 30–50 µm 
while those formed at or above -8 oC exhibit a continuous morphology.  The 
microstructure of the PAMPS cryogels was distinctly different from the macroporous 
networks formed by reaction–induced phase separation mechanism, where the 
structure looks like cauliflowers and consists of aggregates of various sizes.  Further, 
the synthesized cryogels do not display the undesirable properties such as brittleness, 
which is commonly observed for macroporus gels formed by phase separation 
polymerization.  
Completely reversible swelling-deswelling cycles were obtained using PAMPS 
cryogels prepared below -8 oC.  Gels formed below  -8 oC attain their equilibrium 
swollen volumes in less than 30 sec, while those formed at higher temperatures 
require about 1 h to reach their equilibrium state in water.  Moreover, if swollen 
PAMPS gels are immersed in acetone, those prepared below -8 oC attain their 
equilibrium collapsed state in 5 to 10 min, while those formed at higher temperatures 
are  too weak to withstand the volume changes.  Thus, decreasing Tprep below -8 oC 
results the formation of superfast-responsive PAMPS hydrogels, which are also 
stable against volume changes. 
In order to control the pore size of the PAMPS cryogels, several strategies were 
used.  Introduction of the non-ionic AAm units in the network chains increases the 
size of the pores while addition of salts into the reaction mixture reduces the pore 
sizes.  Increasing the initial monomer concentration increases both the size and the 
thickness of the pores. 
Two strategies were applied to conduct the polymerization reactions under 
isothermal conditions: i) Low temperature quenching ii) Delayed gelation by 
inhibitors.  It was found that the low temperature quenching in liquid nitrogen prior 
to the reactions provides formation of macroporous networks at relatively high 
subzero temperatures, i.e., the onset of macroporosity formation could be increased 
from -8 to -2 oC close to the freezing point of water.  This allows to produce cryogels 
at economically more feasible conditions.  Further, the addition of the 
polymerization inhibitor produced more regular pore structure with monodisperse 
pores.   To highlight the effect of monomer type on the properties of hydrogels, 
AAm momoner was used instead of AMPS for the gel preparation.  Tough PAAm 
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gels with fast responsivity were obtained at Tprep below -6 oC.  All the PAAm gels 
prepared at or below -6 oC exhibit similar swelling and swelling-deswelling kinetics  
as PAMPS cryogels.   
It was also found that the degree of toughness of cryogels can be increased by 
decreasing the initial temperature (Tini) of the crosslinking polymerization.  Addition 
of APS  initiator at Tini = 0 °C leads to the formation of  very tough PAAm cryogels.  
These cryogels  can be compressed up to about 100 % strain without any crack 
development while those formed at Tini = 21°C were fragile.   
The effect of the type of the polymerization solvent on the properties of the gels was 
also investigated.  For this purpose, PAAm hydrogels were prepared in DMSO-water 
mixtures of various compositions at -18 °C.  The gels formed in the solvent mixture 
with less than 25 % DMSO by volume have irregular large pores of about 101µm in 
diameter, typical for macroporous networks created by the cryogelation technique.  
Non-porous hydrogels were obtained in solutions containing 25 % DMSO, while at 
larger DMSO contents, the structure of the gel networks consists of aggregates of 
microspheres, which looks as cauliflowers, typical for a macroporous network 
formed by reaction-induced phase separation mechanism.  The results  were 
interpreted as the transition from cryogelation to the phase separation 
copolymerization due to the marked freezing point depression of the solvent mixture 
as well as due to the action of the mixed solvent as a poor solvating diluent at -18 oC. 
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DONMUŞ MONOMER ÇÖZELTİLERİNDEN MAKROGÖZENEKLİ 
HİDROJELLERİN SENTEZİ VE KARAKTERİZASYONU 
ÖZET 
Hidrojeller, sıcaklık ve solvent kalitesi gibi bir dış etkiyle hacim ve/veya şekil 
değiştirebilme yeteneğine sahip akıllı ve yumuşak malzemelerdir. Hidrojellerin bu 
özellikleri son yıllarda oldukça ilgi çekmektedir. Ancak, hidrojellerin mekanik 
dayanıklılığı düşüktür. Bununla beraber, bir dış etkiye karşı yavaş cevap verirler.  Bu 
iki dezavantaj hidrojellerin pratik uygulamalarını kısıtlar. Bu doktora tezinin amacı, 
hem mekanik dayanıklılığı çok iyi olan hem de dışarıdan gelen uyarılara hemen 
cevap verebilen hidrojeller sentezlemektir. Bu bağlamda, çok hızlı cevap verebilen 
ve mekanik dayanıklılığı yüksek olan (tok) jeller elde etmek için iki yöntem 
kullanılmıştır.  
Tezin ilk bölümünde, iyonik monomer 2-akrilamido-2-metilpropan sülfonik asit 
sodyum tuzu  (AMPS) ve çapraz bağlayıcı N, N’-metilenbis (akrilamid) (BAAm)’in 
düşük monomer konsantrasyonu ve yüksek çapraz bağ miktarları kullanılarak sulu 
çözeltilerinde gerçekleşen jelleşme reaksiyonlarının, şiştikten sonra sertleşen 
mikrojel-ağyapı jellerinin oluşumuna yol açtığı gösterilmiştir. Bu mikrojel-ağyapı 
jelleri, ağyapı zincirleriyle makroağyapıya bağlanmış yüksek derecede çapraz bağlı 
(yoğun) bölgelerden oluşmaktadırlar. Hidrojellerin,  % 50 gibi yüksek çapraz 
bağlayıcı miktarında bile düşük elastik modüle sahip olmaları, jellerin bu yoğun 
bölgelerinin BAAm moleküllerinin topaklanmalarından oluştuğunu gösterir.  Bu 
yoğun bölgelerin arası oldukça seyreltik olduğundan, bu bölgedeki ağyapı zincirleri 
uzamış konformasyonda bulunur. Bu nedenden ötürü, jelin şişmesi bu zincirleri jelin 
sentez sonrası durumunda bile non-Gaussian rejime kaydırır.  
Bu yöntemle, şişmiş hidrojellerin mekanik özellikleri iyileştirilmesine rağmen, bir 
dış etkiye karşı cevap verme hızlarının oldukça düşük olduğu görülmüştür. Bundan 
dolayı, ikinci bir yöntem olarak, kriyojelleşme tekniği varolan jelleşme sistemine 
uygulanarak polimer matrisinin içinde birbirine bağlı gözenek yapısı 
oluşturulmuştur. Böylece, AMPS ve BAAm’in serbest radikal çapraz bağlanma 
reaksiyonları, polimerizasyon çözücüsünün donma noktasının altındaki sıcaklıklarda 
gerçekleştirilmiştir. Farklı özelliklere sahip, kriyojel adı verilen, makrogözenekli 
poli(AMPS) (PAMPS) hidrojelleri sentezlenmiştir. Bu kriyojelleşme metodu iki 
açıdan avantaj sağlamıştır: Elde edilen kriyojeller, süper hızlı cevap verebilmelerinin 
yanında, yüksek derecede tokluk göstermişlerdir.  Bu çalışmanın önemli bir kısmı, 
donmuş monomer çözeltilerinden elde edilen kriyojellerin oluşumları ve özellikleri 
arasındaki ilişki üzerine durmaktadır. Birçok deneysel parametrenin, jellerin 
özellikleri üzerine etkisi incelenmiştir.  
Gravimetrik ölçümler, sıfırın altındaki jel hazırlama sıcaklıklarında (Tprep) % 0.1 
başlangıç monomer konsantrasyonunda bile çözünmeyen polimer ağyapı oluştuğunu 
göstermiştir. Ancak, çapraz bağlı polimer elde etmek için 25oC’de gerçekleştirilen jel 
oluşum reaksiyonlarında başlangıç monomer konsantrasyonunun en az Co = % 5 
olması gerektiği anlaşılmıştır.  Böylece, kriyojellerde jel reaksiyonlarının başlaması 
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için gerekli olan kritik monomer konsantrasyonunun hidrojellere göre oldukça düşük 
olduğu görülmüştür.  Bu sonuçlar, Tprep’in reaksiyon siteminin donma noktasının 
altına düşürülmesi durumunda moleküller arası çapraz bağlanma reaksiyonlarının 
hızlandığını göstermektedir.  
 
Oluşan jellerin özellikleri etkileyen birçok sentez parametresi arasında en önemli 
olanının Tprep olduğu bulunmuştur. Tprep’e bağlı olarak denemelerden iki farklı 
rejimin olduğu gözlemlenmiştir: Tprep= -8oC veya üstünde, PAMPS jelleri 101 
mertebesinde yüksek şişme oranı Veq ile 102–103 Pa oranlarında düşük elastik modül 
G göstermiştir. Ancak, Tprep’in  -8oC’nin altına düşürülmesi, jellerin şişme 
oranlarında 10 kat azalma ve elastik modüllerinde 10 kat artmaya yol açmıştır. 
Böylelikle, PAMPS jellerinin şişme ve elastik özelliklerinin Tprep’in  - 8oC’ nin 
altındaki sıcaklıklara indirilmesiyle oldukça değiştiği görülmüştür. Değişik 
Tprep’lerde sentezlenmiş PAMPS jellerinin SEM fotoğrafları, -8oC’nin altında 
oluşmuş tüm jellerin 30–50 µm gözenek büyüklüklerine sahip gözenekli yapıda 
olduklarını,  -8oC’nin üzerinde oluşanların ise gözeneksiz olduklarını göstermiştir. 
PAMPS kriyojellerinin mikroyapısının, karnıbahara benzeyen ve değişik 
büyüklüklerde agregatlar içeren, reaksiyona bağlı faz ayrılma mekanizmasıyla 
oluşan makrogözenekli ağyapılardan belirgin bir şekilde farklı oldukları 
görülmüştür. Bununla birlikte, sentezlenen kriyojeller, faz ayrılama polimerizasyonu 
ile oluşan makrogözenekli jeller için gözlenen kırılganlık gibi istenmeyen 
davranışları göstermemiştir.  
 
-8oC’nin altında sentezlenen PAMPS kriyojelleri için,  tamamen tersinir şişme-
büzülme eğrileri elde edilmiştir. -8oC’nin altında oluşan jeller, denge şişme 
hacimlerine 30 saniyede ulaşırken, yüksek sıcaklıklarda oluşan jellerin için suda 
denge durumlarına ulaşmaları için 1 saat gerekmiştir. Ayrıca,  şişmiş PAMPS jelleri 
asetona daldırıldığında, -8oC’nin altında hazırlanan jeller 5 ile 10 dakika arasında 
büzülerek dengeye ulaşırken, yüksek sıcaklıklarda sentezlenenler ise hacim 
değişimlerine dayanamayarak parçalanmışlardır. Böylelikle, Tprep sıcaklığının -8 
oC’nin altına indirilmesi, hacim değişimlerine karşı dayanıklı süper hızlı cevap 
verebilen PAMPS hidrojelleri oluşumuna yol açmıştır.  
 
PAMPS kriyojellerinin gözenek büyüklüklerini kontrol etmek için birçok yöntem 
kullanılmıştır. İyonik olmayan Akrilamid (AAm) birimlerinin ağyapı zincirlerine 
girmesiyle gözenekler büyürken, reaksiyon karışımına tuzların eklenmesiyle 
gözenekler küçülmüştür. Başlangıç monomer konsantrasyonunun arttırılması 
gözenek büyüklüğü ve kalınlığını arttırmıştır.  
 
Polimerizasyon reaksiyonlarını izotermal şartlar altında gerçekleştirmek için iki 
yöntem kullanılmıştır: i) Düşük sıcaklığa daldırma B) İnhibitörler kullanarak jel 
oluşum reaksiyonlarını geciktirme. Reaksiyonlardan önce sıvı azota daldırmanın, 
yüksek sıcaklıklarda bile makrogözenekli ağyapı oluşmasını sağladığı, örneğin 
makrogözenek oluşumu başlangıç sıcaklığının  -8’den  -2oC’ye yani suyun donma 
noktasına yaklaştırdığı bulunmuştur. Böylelikle, ekonomik olarak daha uygun 
koşullarda kriyojeller üretiminin sağlamasına yol açılmıştır.  Ayrıca, polimerizasyon 
inhibitörünün eklenmesi, monodispers gözenekleri olan daha düzenli bir yapı 
meydana getirmiştir. Monomer türünün hidrojel özellikleri üzerine etkisini 
incelemek için, jel sentezinde AMPS monomeri yerine AAm kullanılmıştır. -6 oC 
altındaki Tprep sıcaklıklarında hızlı cevap verebilen dayanıklı Poli(AAm) (PAAm) 
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jelleri elde edilmiştir. -6oC veya altındaki sıcaklıklarda sentezlenen PAAm jellerinin 
tümü PAMPS kriyojellerine benzer şişme ve şişme-büzülme kinetikleri 
göstermişlerdir.  
 
Yapılan çalışmalarda tokluk derecesinin, çapraz bağlanma polimerizasyonunun 
başlangıç sıcaklığının (Tini) azaltılmasıyla arttırılabileceği  bulunmuştur.  Amonyum 
persülfat (APS) başlatıcısının Tini = 0 °C’de eklenmesi çok dayanıklı PAAm 
kriyojelleri oluşumuna yol açmıştır. Bu kriyojeller,  herhangi bir kırılma 
gerçekleşmeden yaklaşık % 100 deformasyona kadar sıkıştırılabiliyorken Tini = 
21°C’ de oluşan jellerin kırılgan olduğu gözlemlenmiştir. 
 
 Polimerizasyon çözücüsünün jellerin özellikleri üzerine etkisi de incelenmiştir. Bu 
amaçla, PAAm hidrojelleri değişik DMSO-su karışımlarında -18°C’de 
sentezlenmiştir. Hacimce % 25 DMSO çözücü karışımından daha az oranlarda 
oluşan jellerin, kriyojelasyon tekniğiyle hazırlanan makrogözenekli jeller gibi, 
101µm çapında düzensiz büyük gözeneklere sahip oldukları görülmüştür. 25 % 
DMSO içeren çözeltilerde ise gözeneksiz hidrojeller elde edilmiştir. Buna karşılık 
%25 DMSO’dan daha fazla DMSO içeren çözeltilerde jelleşme sırasında bir faz 
ayrımı gerçekleşmiş ve bunun sonucunda gözenekli yapılar ortaya çıkmıştır. 
Sonuçlar, kriyojelleşme tekniğinden faz ayrılma polimerizasyonuna geçiş olarak 
yorumlanmıştır. 
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1.  INTRODUCTION 
During his Nobel acceptance lecture in 1991, De Gennes recognized gels as soft 
matter [1].   However, considering the broadness of soft matter category, to define 
gel as a soft matter is unsatisfactory.  Gels have both liquid and solid-like properties.  
For instance, they have structural integrity when displaced from their container.  
However, small molecules can transport through the gel network as they move in a 
fluid.   Gels can thus be defined as a novel state of matter intermediate between a 
solid and a liquid [2].  The liquid properties of gels result from the fact that the major 
constituent of gels is usually a liquid.  Gels retain their shape when deformed, a 
feature characteristics of the solid state of matter.  The properties of  gel depend 
strongly on the interaction of its two components, which are the solvent and the 
polymer network.  The role of the solvent is crucial because the solvent does not 
allow the formation of a compact polymer mass, preventing the collapse of the 
system.  The polymer network serves as a matrix to hold the liquid together.  
The unique properties of gels like elasticity and the capacity to store a fluid allow 
them to be useful in various applications [3].  Polymer gels play a vital role in the 
fields of medicine, foods, chemical, agricultural and other industries.  Highly swollen 
gels have a wide range of applications as absorbents and superabsorbents. 
Hydrogels are hydrophilic gels swollen with a large amount of water.  They are soft 
and smart materials, capable of changing volume and/or shape in response to specific 
external stimuli, such as the temperature, solvent quality, pH, electric field, etc. [4].  
These properties of the hydrogels received considerable interest in last three decades 
and, a large number of hydrogel based devices have been proposed, including 
artificial organs, actuators, and on-off switches [5].  
Hydrogels derived from acrylamide (AAm) are exemplary ones.  Mainly, the 
formulation of AAm based hydrogel starts from a dilute aqueous solution of AAm 
monomer, N, N’-methylenebis (acrylamide) (BAAm) crosslinking agent, a persulfate 
free-radical initiator, and a tertiary amine as an accelerator.  The accelerator causes 
decomposition of the initiator to produce free radicals.  As the chains grow by 
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addition of AAm monomer, occasionally BAAm units are incorporated.  As a result, 
two separate growing chains incorporate opposite ends of the same BAAm, the 
chains become linked and so a network is built with a cross-link density that depends 
on the ratio of BAAm to AAm.  In the last few years, another type of hydrogel 
synthesized from the sodium salt of 2-acrylamido-2-methylpropane sulfonic acid 
(AMPS) monomer has received attention due to its strongly ionazable sulfonate 
group;  AMPS dissociates completely in the overall PH range, and therefore, the 
hydrogels derived from AMPS exhibit pH independent swelling behavior [6]. 
While the concepts of these hydrogels are sound, the practical applications require 
significant improvements in the hydrogel properties.  In the application areas, design 
of the gels with a good mechanical performance together a fast response rate is 
crucially important.  However, gels suffer from the lack of mechanical properties.  
This feature of gels originates from their very low resistance to crack propagation 
due to the lack of an efficient energy dissipation mechanism in the gel network [7, 8].  
A number of techniques for toughening of gels have recently been proposed 
including the double network gels [9], topological gels [10], gels formed by 
hydrophobic associations [11], gels made by mobile crosslinkers such as clay 
nanoparticles (nanocomposite hydrogels) [12].  Although these techniques create 
energy dissipation mechanisms to slow crack propagation and thus, improve the 
mechanical properties of gels, their response rate against the external stimuli is not as 
fast as required in many gel applications. 
Increasing the response rate of hydrogels has been one of the challenging problems 
in the last 25 years.  In this regard, several strategies have been proposed to obtain 
fast-acting hydrogels, i.e., submicrometer-sized gel particles [13], gels having 
dangling chains [14-16], and macroporous gels [17-19].  However, there are still 
several unsolved problems in obtaining hydrogels with appropriate properties 
because the response rate of gels is inversely coupled with their mechanical 
performance.  
The Ph.D. thesis presented here aims to design superfast responsive hydrogels with 
improved   mechanical properties.  The gels should swell or deswell immediately in 
good and poor solvents, respectively.  Moreover, the gels should be able to release 
most of the absorbed solvent under a mechanical force, so that they should exhibit 
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sponge-like properties specific for the sorption of solvents.  Two synthetic strategies 
were applied to achieve the aim of the thesis.  
The initial intention of this study was to prepare hydrogels exhibiting superior 
mechanical properties in their swollen state.  In the first part of the study, a new 
approach was used to design hydrogels that stiffen upon swelling in a good solvent.  
A series of ionic hydrogels were prepared from AMPS as the monomer and BAAm 
as the crosslinker at 5 oC in water.  The concept was to utilize the properties of 
highly inhomogeneous hydrogels consisting of regions of high polymer 
concentration (microgels) connected through the network chains locating in dilute 
regions. As shown in Figure 1.1, since the network chains of inhomogeneous Poly 
(AMPS) (PAMPS) hydrogels in the dilute phase were highly stretched, the gel 
exhibited stiffened properties at the swollen state due to the non-Gaussian elasticity.  
Thus, by this novel concept mechanical properties of the hydrogels were improved 
on their swelling in water.  However, the hydrogels obtained showed a slow rate of 
response against the external stimuli.  For example, hydrogels attained their 
equilibrium states in water within a few days. 
 
 
Figure 1.1 : Schematic representation of the structure of an inhomogeneous gel 
prepared in   dilute solution. 
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A widely used approach to obtain fast responsive hydrogels is to create voids (pores) 
inside the hydrogel matrix, so that the response rate becomes a function of the 
microstructure rather than the size or the shape of the gel samples.  For a polymer 
network having an interconnected pore structure, absorption or desorption of water 
occurs through the pores by convection, which is much faster than the diffusion 
process that dominates the nonporous hydrogels. A new and contradictory method to 
produce macroporous hydrogels and thus, increasing their response rate is 
conducting the polymerization reactions below the freezing point of the reaction 
system.  This low temperature gelation so-called cryogelation was first used by 
Lozinsky et al. to create an interconnected pore structure within the polymer 
networks [20, 21].  In this cryogelation process, the reaction system is partially 
frozen after the onset of polymerization reaction. The ice crystals formed after partial 
freezing act as a template, while the dissolved monomer, crosslinker and initiator are 
concentrated in a small fraction of an unfrozen liquid phase.  Although the frozen 
monomer system appears homogenous, it is composed of two phases: the solid phase 
and the unfrozen liquid phase where the polymerization takes place.  After 
polymerization and after melting of ice, many pores are formed in the spaces that 
were originally occupied by solvent crystals.  The morphology of the networks 
consists of polyhedral pores and the network chains building the pore walls.  The 
gels formed under these conditions were named as cryogels [22-28]. 
By applying the cryogelation technique to the present gelling system, PAMPS 
cryogels exhibiting superfast swelling-deswelling kinetics were obtained.  
Preparation of such hydrogels has not been reported before.  PAMPS gels thus 
obtained also exhibited excellent mechanical performance.  Within the framework of 
this thesis, effect of several experimental parameters on the gel properties was 
investigated.  For this purpose, the free radical crosslinking copolymerization of the 
monomers AMPS or AAm and the crosslinker BAAm was carried out at 
temperatures below and above the bulk freezing temperature of the polymerization 
solvent.  The properties of cryogels formed at subzero temperatures were compared 
with the conventional hydrogels prepared at high temperatures.  The gels were 
characterized by the swelling tests, swelling-deswelling rates and by the elasticity 
tests.  Their internal morphology was monitored by Scanning Electron Microscopy 
(SEM) and optical microscopy.  As will be seen below, cryogels exhibiting superfast 
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responsive properties as well as good mechanical performance were obtained by 
controlling the microscale morphology of the networks.  
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2.  GENERAL CHARACTERISTICS OF GELS 
2.1 Basic Aspects of Gels 
2.1.1 Definition of gel 
The term "gel" is used so loosely that it has to be clarified.  Various types of gels 
were studied by scientist having different background such as chemists, physicist, 
biologists etc.  Therefore it has been impossible to reach a consensus about what 
constitutes a gel.  
Several definitions of gel exist in the literature:  
(i) P. H. Hermans gave this definition [29]: 
Gels are coherent colloid disperse systems of at least two components.  
(ii) The widely used physical chemistry textbook of P. W. Atkins gives the following 
definition [30]: 
A gel is a semi-rigid mass of a lyophilic sol in which all the dispersion medium has 
been absorbed by the sol particles.  
(iii) Focusing on the phenomenological characteristics, Kramer proposed the 
following definition [31]:  
A gel is a soft, solid or solid-like material of two or more components one of which 
is a liquid, present in substantial quantity.  
(iv) The commonly accepted definition is the one given by Tanaka.  According to 
him, gel is a multi-component system consisting of polymers of long chain 
molecules, crosslinked to create a network and a solvent as a swelling agent [32].  An 
important aspect of gels is that a gel is a single polymer molecule.  It means that the 
all monomer units in one piece of gel are connected to each other and form one big 
molecule on a macroscopic scale [32, 33].   
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As can be seen in Figure 2.1, the most salient structural feature of a gel is the 
crosslinks which tie the polymer chains together.  The polymer network consists of 
linear polymer chains that are crosslinked to form three-dimensional mesh like 
structures.   
 
Figure 2.1 : Formation of a three dimensional crosslinked polymer network starting 
from monomer. A) Formation of linear polymer chain   B) Crosslinking 
of the linear polymer chains C) Formation of the three-dimensional 
polymer network. 
As schematically illustrated in Figure 2.2, when placed in excess water; a gel is able 
to swell and retains large volumes of water in its swollen three-dimensional structure 
without dissolution. 
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Figure 2.2 : Schematic representation of swelling process of a polymer network in a 
solvent. 
2.1.2 History of gels  
Although the history of gels goes back many centuries, gels were first scientifically 
studied by Thomas Graham in the nineteenth century.  Graham used sol-gel 
chemistry to produce a silica gel.  The physical chemistry of various gels has been 
studied intensively since 1940’s. In the 1940s and 1950s, the study of gels was 
dominated by pioneers such as Flory [34-36], Huggins [37, 38], and Treloar [39, 40].  
Treloar is widely known for his work in the study of elasticity in polymer networks.  
Flory was awarded the 1974 Nobel Prize in Chemistry for his fundamental 
achievements, both theoretical and experimental, in the physical chemistry of 
macromolecules.  Flory teamed with Huggins to develop Flory-Huggins theory of 
polymer solutions.  
In 1968, based on Flory-Huggins theory, Dusek and Patterson predicted a volume 
phase transition in the network system between dense and dilute phases [41].  Tanaka 
observed the volume phase transition in slightly ionized PAAm gels immersed in an 
acetone-water mixture [1].  The observation of the coil-globule transition in a single 
polystyrene chain in cyclohexane was reported by Tanaka and Swislow [42].  At the 
same year, Horkay and Zrinyi studied the mechanical and swelling behavior of 
chemically crosslinked poly (vinyl acetate) gels [43].  
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Over the past few decades, gel research has advanced rapidly. After Tanaka’s 
discovery of volume phase transitions in gels, attention has turned to gels that can 
respond to an external stimulus. At the end of 1980’s, studies on the swelling 
behavior and phase transitions of  poly(N-isopropylacrylamide) (PNIPAAm) gels 
immersed in aqueous solutions of poly(ethylene glycols) (PEGs) of various 
molecular weights [44, 45], water- dimethysulfoxide (DMSO) [46, 47], water-
methanol, or water-ethanol mixtures were performed [48].  
Intensive studies on gels have been carried out recently [49]. The research has been 
focused on novel designs to broaden the applicability of gels. New approaches for 
preparing gels with substantially enhanced mechanical properties [7-12], superporous 
[50] and comb-type grafted hydrogels with fast response times [14], self-assembling 
hydrogels from hybrid graft copolymers with property controlling protein domains 
[51, 52], and gels from genetically engineered triblock copolymers [53] are some 
examples.  
2.1.3 Classification of gels  
There are various types of gels, but they all have the common feature of being a 
continuous polymer network.  Some classification of gels follows: 
i) According to the nature of the intermolecular bonds in the junctions of a polymer 
network, gels can be divided into two groups: chemical and physical gels.  Chemical 
gels are crosslinked by permanent covalent bonds, whereas physical gels are 
crosslinked by weak forces such as hydrogen bonds, hydrophobic, or ionic 
interactions or combination of them.   
 ii) Gels can be classified based on their porosities.  Non-porous gels have pore size 
in the range of molecular dimension, i.e., a few nanometers or less.  Gels with an 
effective pore size in the range of 10-100 nm, 100-1000 nm, and 1-10 µm are defined 
as microporous, mesoporous and macroporous, respectively [54-56].  
iii)  Depending on the liquid medium in the polymer network there are two types of 
gels: Gels containing an organic solvent in polymer network are organogels whereas 
hydrogels are a network of polymer chains swollen in water.  
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iv) Another classification of gels, which reflects the particular processes resulting in 
the gel formation, is presented in Table 2.1.  The processes of yielding gels of 
various natures are termed by the word tropic which implies directed or induced, i.e., 
cryotropic and thermotropic mean that the gel formation is induced by freezing and 
heating of an initial system, respectively [22]. 
Table 2.1: Classification of gels and gel formation processes [22]. 
Type of  Gel Physicochemical Causes 
of Gel Formation 
Examples 
Chemotropic gels Intermolecular chemical bonds PAAm  and dextran gels 
Chelatotropic gels Chelating reactions Alginate gels 
Ionotropic  gels Ion-exchange reactions Alginate-polylysine mixed matrices 
Thermotropic 
gels 
Heating of an initial 
system 
Hydrophobically modified 
hydroxyethyl cellulose 
Psychotropic gels Chilling  of an initial  system Gelatine and starch gels 
Cryotropic  gels Freezing of an initial system 
These gels constitute the topic of the 
present study 
2.1.4 Hydrogels (Hydrophilic gels)  
Hydrogels are three-dimensional macromolecular networks made of hydrophilic 
polymer chains weakly crosslinked together by covalent bonds.  They can absorb a 
significant amount of water (> 20 % of their dry mass) within their structure, during 
which they do not dissolve.  They are soft and pliable materials [57, 58]. 
Hydrophilicity is due to the presence of molecular groups able to form hydrogen 
bonds with water: –OH, –COOH, –CONH, –CONH2, –SO3H, etc.  
Hydrogels ability to absorb and store water or aqueous solutions, their low interface 
tension and hydrophilic properties make them unique materials for a variety of 
applications in biotechnology and biomedicine including their use as 
chromatographic materials, carriers for immobilization of molecules and cells, 
matrices for electrophoresis and immunodiffusion, scaffolds for cultivation of 
microbial and mammalian cells, implants and drug delivery systems [59].  
2.1.4.1 Responsive hydrogels  
The ability to alter the physical response of the hydrogels by varying their polymer 
composition makes them extremely important materials. As shown in Figure 2.3, 
some hydrogels can reversibly swell or shrink up to 1000 times in volume in 
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response to a variation of the external stimuli such as pH, temperature, solvent 
composition etc. [5, 60-62]. Hydrogels exhibiting such behavior are often called 
“responsive”, “smart”, or “intelligent” hydrogels.  
Based on the type of the stimulus, responsive hydrogels can be described as follow:  
i) Thermo-Responsive Hydrogels: The most unique aspect of the temperature 
sensitive hydrogels is their temperature-induced reversible swelling and deswelling 
capability, i.e. these hydrogels can change their shape and volumes in response to 
small changes of external temperature.  These hydrogels exhibit lower critical 
solution temperatures (LCST) below which the polymer network is in a swollen 
state.  Above this temperature, the polymer network is typically hydrophobic and 
does not swell significantly in water [63].  Of the many temperature sensitive 
hydrogels PNIPAAm is the most extensively studied one exhibiting abrupt volume 
change at a critical temperature [64].  Recently, temperature sensitive hydrogels 
based on N-t-butyl acrylamide, AAm and AMPS were also prepared [65, 66].  These 
hydrogels exhibit smooth and continuous volume change upon increasing the 
temperature of water. 
ii) pH Responsive Hydrogels:  If a gel contains ionizable groups, it becomes a pH 
sensitive gel since the ionization is determined in terms of ionization equilibrium.  
Extensive studies have been done to develop gels that respond to pH changes [67, 
68].   
iii) Electric Field Responsive Hydrogels: Some gels have been synthesized that 
undergo phase transition under an electric field [69].  The most important effect on 
such response seems to be the migration and redistribution of counter and added ions 
within the gel.  
iv) Stress Responsive Hydrogels: The changes in the diameter and length of 
cylindrical PNIPAAm gels were measured under uniaxial stress [70]. The transition 
temperature and the discontinuity were increased with increasing stress, which 
indicates the possibility of the uniaxial phase transition of gels.  With increasing 
stress, mechanical work at the phase transition increased and hereafter decreased 
under large stress.  The peak of the mechanical work at the transition point as a 
function of stress depends on the degree of swelling. 
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2.1.5 Applications of gels: 
Considering the technological importance and scientific richness, the unique 
properties of gels allow them to be useful in various applications.  The gels are 
mostly used in pharmaceutical industries as drug controlled-release media, cavity 
fillers, cell encapsulating membranes and  bioadhesives.  They are also used to 
fabricate soft contact lenses, artificial lenses, artificial vitreous, and materials for 
plastic surgeries.  Gel sheets have been developed that tightly wrap fresh fish and 
meats for efficient transportation and storage.  They play a vital role in the field of 
medicine, artificial muscles, actuators, mass separation, sensors, chemical memories, 
foods, toys, chemical, agricultural and other industries [4, 71-73]. 
Figure 2.3 : Volume phase transition of a gel in response to external stimuli such as 
temperature, solvent composition etc. (up).  Swollen and collapse states 
of a gel (down). (Re-drawn from Ref. [62]). 
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2.2 Swelling and Elastic Behaviors of Gels  
Swelling and elasticity are the two unique properties of gels. In the following, these 
properties are explained by using Flory Huggins and Flory Rehner theories.  
2.2.1 Swelling  
Gels absorb large quantities of suitable solvents without dissolving.  As more and 
more solvent is absorbed by the polymer network, the network expands 
progressively.  During the swelling process, the network chains are forced to attain 
more elongated conformation.  As a result, like pulling a spring from both ends, a 
decrease in chain configurational entropy is produced by swelling.  Opposing this, an 
increase in entropy of mixing of solvent with polymer accompanies the swelling.  
The equilibrium swelling theory developed by Flory and Rehner treats simple 
polymer networks in the presence of small molecules.  The theory considers forces 
arising from three sources: 
i) The entropy change caused by mixing of polymer and solvent.  The entropy 
change from this source is positive and favors swelling. 
ii) The entropy change due to the reduction in the number of possible chain 
conformations on swelling.  The entropy change from this source is negative 
and opposes swelling. 
iii) The heat of mixing of polymer and solvent, which may be positive, 
negative or zero. Usually, it is slightly positive and opposing mixing. 
In the following paragraphs, these three forces are explained in detail. 
2.2.1.1 Entropy of Mixing in Polymer Solutions  
The polymer solutions show deviation from ideal solution behavior because of the 
wide difference in molecular size between the two components.  Flory and Huggins 
independently developed expressions for the total number of configurations of a 
mixture formed from 1n  solvent and 2n  polymer molecules. They estimated the 
number of ways in which 1n  solvent molecules and 2n  macromolecular chains could 
be placed on a lattice.  Each polymer chain is represented by x  segments, with the 
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molar volume of each segment equals to that of the solvent molecule 1V .  The total 
number of lattice sites on can thus be given as: 
)( 21 xnnno +=  (2.1)
According to the Flory-Huggins theory, polymer molecules are added one by one to 
the lattice before adding the solvent molecules and simultaneously, the number of 
possible arrangements is calculated for each segment of the chain.  For example, the 
total number of possible conformations for the )1( +i th polymer molecule in the 
lattice ( 1+iν ) is given by: 
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where i  is the number of chains added to the lattice and z  is the coordination 
number of the lattice.  The total number of distinguishable spatial arrangements of 
placing the 2n  polymer molecules on on  sites is given by: 
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The number of ways Ω2 by which chains can be placed on 2xn sites is obtained by 
setting 01 =n  in Equation (2.3).  
 The configurational entropy of mixing is; 
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Ω∆ +−==  (2.4)
where k  is the Boltzman’s constant, 1ν  and 2ν  are the volume fractions of solvent 
and polymer, i.e., 
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2.2.1.2 Enthalpy and free energy of mixing in polymer solutions  
Solvent-solvent (1-1), solvent-segment (1-2) and segment-segment (2-2) are the three 
types of contacts in polymer solutions.  The energy change for the formation of a 
polymer-solvent pair from solvent-solvent and polymer-polymer pairs is given as: 
)(2/1 22111212 wwww +−=∆  (2.6) 
where jiw is the energy of ji −  contacts. The expression for the enthalpy of mixing 
was then written as [74]: 
1221 wznH m ∆=∆ ν  (2.7) 
To eliminate the coordination number   and the energy parameter   from the above 
equation, Flory (or polymer-solvent) interaction parameter   was introduced:  
kT
wz 12∆=χ  (2.8) 
The expression for the enthalpy of mixing can then rewritten by combining 
Equations (2.7) and (2.8): 
21νχnkTH m =∆  (2.9) 
The quantity χkT  represents the difference in energy of a solvent molecule 
immersed in pure polymer ( )12 ≅ν  compared with one surrounded by molecules of 
its own kind, i.e., in the pure solvent. 
The Flory-Huggins expression for the Gibbs free energy of mixing is simply 
obtained by combining Equations (2.4) and (2.9): 
[ ]212211 lnln νχνν nnnkTGm ++=∆  (2.10) 
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2.2.2 Elasticity  
In a gel, the polymer segments are fixed in a space and are only able to perform 
limited Brownian motions about fixed average positions. This movement depends on 
the segment chemical structure, the concentration and obviously, the crosslinking 
degree. Thus, gels posses elastic properties. The elasticity of gels that has been the 
subject of numerous studies to make a relation between the elastic modulus and the 
molecular structure is discussed below.  
2.2.2.1 Statistical properties of long chain molecules  
The statistical form of long-chain molecules may be illustrated by considering an 
idealized model of the polymethylene or paraffinic type of a chain (CH2 )n in which 
the angle between successive bonds (i.e. the valence angle) is fixed but complete 
freedom of rotation of any given bond with respect to adjacent bonds in the chains is 
allowed.  This is illustrated in Figure 2.4 in which the first two bonds C1C2 and C2C3 
are represented as lying in the plane of the paper. 
Figure 2.4 : Rotation about bonds in paraffin-type molecule [75]. 
The third bond, C3C4 will in general not lie in this plane but will rotate in a random 
manner about the bond C2C3 as axis. Similarly C4C5 will rotate about C3C4, and so 
on.  The chain will thus take up an irregular or randomly kinked form in which the 
distance between the ends is very much less than that corresponding to the 
outstretched or planar zigzag form (Figure 2.5).  
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Figure 2.5 : (a) Planar zigzag; (b) Randomly kinked chain 
The actual conformation will be subject to continual fluctuation due to thermal 
agitation and hence cannot be defined explicitly, but it is possible to specify some of 
the properties of the system in statistical terms, or in terms of certain average values. 
An idealized model for the development of the statistical theory consists of a chain of 
n  links of equal lengths, l  in which the direction in space of any link is entirely 
random and bears no relation to the of any other link in the chain.  Such a randomly 
jointed chain automatically excludes valence angle or other restrictions on the 
freedom of motion of neighboring links.  In order to define the statistical properties 
of the randomly jointed chain, one end (A) is assumed to be fixed at the origin of a 
Cartesian coordinate system Ox, Oy, Oz and the other end (B) moves in a random 
manner throughout the available space (Figure 2.6).  However, although the motion 
is random, all positions of (B) are not equally probable.  
Figure 2.6 : The statistically kinked chain. Specification of probability that the end 
should fall in volume element dτ (=dxdydz) [75]. 
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For any particular position p, having coordinates (x, y, z), there will be an associated 
probability that the end (B) shall be located within a small volume element 
(dxdydz=dτ).  The derivation of this probability requires the evaluation of the 
relative numbers of configurations or conformations of the chain which are 
consistent with different positions of the point p, the probability of any particular 
position being taken as proportional to the corresponding number of conformations.  
The solution of this problem, given by Kuhn [76, 77], Guth and Mark [78] is 
presented as: 
dxdydzzyxbbdxdydzzyxp )(exp(),,( 22222/1
3
++−= π  (2.11)
where b  is a constant and is given by: 
22 2/3 nlb =  (2.12)
x, y, z are the components of the vector r , i.e., 
2222 zyxr ++=  (2.13)
This formula gives the probability that the components of the vector r  representing 
the end-to-end distance for the chain shall lie within the intervals x to x + dx, y to y+ 
dy, and z to z+dz, respectively.  This probability is expressed as the product of the 
probability function p (x, y, z) and the size of the volume element considered, which 
in this case is dx dy dz(=dτ). 
2.2.2.2 The entropy of a single chain  
According to the general principles of statistical thermodynamics, as developed by 
Boltzmann, the entropy will be proportional to the logarithm of the number of 
conformations available to the system, i.e., to the logarithm of the number of possible 
conformations corresponding to any specified state.  Thus, since the number of 
conformations available to a polymer chain is proportional to the probability density 
given by Equation (2.11) the entropy s of the chain is therefore given by: 
)),,((ln τdzyxpks =  (2.14)
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Substitution of the expression (2.11) for p(x, y, z) thus yields: 
22rkbcs −=  (2.15) 
where c  is an arbitrary constant which includes the volume element dτ.  Equation 
(2.15) shows that the entropy has its maximum value when the ends of the chain are 
coincident ( 0=r ) and it decreases continuously with increasing distance between 
the ends.  
2.2.2.3 The elasticity of a molecular network  
The statistical theory of rubber elasticity is based on the concept of a network 
polymer as an assembly of long-chain molecules linked together at a relatively small 
number of points so as to form an irregular three-dimensional network.  The 
statistical treatment of a network is similar in principle to the treatment of the single 
chain.  It is required first to calculate the entropy of the whole assembly of chains as 
a function of the macroscopic state of strain in sample and form this to derive the 
free energy of work or deformation.   
The following presentation of the theory is based essentially on the original theory of 
Kuhn.  It makes use of the following assumptions: 
i) The network contains ν  chains.  A chain is being defined as a set of segments 
between successive points of crosslinkages. 
ii)  The mean square end-to-end distance for the whole assembly of chains in the 
unstrained state is the same as for a corresponding set of free chains. 
iii) There is no volume change on deformation.  This assumption is well justified on 
the bases of experiments, which show the volume change on deformation is 
negligible at low deformation ratios. 
iv) The junction points between chains move on deformation as if they were 
embedded in an elastic continuum (Affine deformation assumption). 
v) The entropy of the network is the sum of the entropies of the individual chains. 
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2.2.2.4 Entropy and free energy changes during deformation  
Under an external strain, a unit cube (Figure 2.7) is transformed into a rectangular 
parallelepiped having three unequal edge lengths 1λ , 2λ  and 3λ . These extension 
ratios may be either greater than 1, corresponding to a stretched, or less than l, 
corresponding to a compression, provided that the condition for constancy of volume 
(assumption 3 above), namely: 
1321 =λλλ  (2.16)
is satisfied. 
 
Figure 2.7 : Pure homogenous strain(a)the unstrained state (b) the strained state [74].
As seen in Figure 2.8, an individual chain in the unstrained state has an end to end 
distance or , with components (xo, yo, zo).  After deformation, the vector or  becomes 
r  and the components become (x, y, z).  Then, the affine deformation assumption 
leads to the following Equations:  
x=λ1xo,    y= λ2yo,       z=λ3zo                                                                      (2.17)
 
Figure 2.8 : The affine deformation of a chain [75]. 
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The entropy of the chain in the original (unstrained) state, as given by the Equation 
(2.15), will be: 
)( 222222 ooooo zyxkbcrkbcs ++−=−=  (2.18) 
The entropy of the same chain in the strained state is obtained  by substituting the 
values of (x, y, z) for (xo, yo, zo), i.e., 
)( 223
22
2
22
1
2
ooo zyxkbcs λλλ ++−=  (2.19) 
The entropy change during deformation  will therefore be: 
}{ 2232222212 )1()1()1( ooooel zyxkbsss −+−+−−=−=∆ λλλ  (2.20) 
The total entropy for all the ν  chains of the network is obtained by summation of the 
expression (2.20) for all the chains: 
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Since the directions of the chain vectors or  in the unstrained state are entirely 
random, there will be no preference for the x, y, z directions.  Thus, since: 
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it may be written as: 
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Furthermore, since the mean-square end-to-end distance of the chains  is defined as: 
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o
2
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=
=  (2.24) 
Equation (2.21) can then be written: 
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The assumption that the mean-square chain vector length in the unstrained state, 2or  
is the same as for a corresponding set of free chains, 2
2
2
3
b
ro =  leads to the following 
Equation: 
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1le −++−= λλλν∆  (2.26)
Assuming that there is no change of volume on deformation, the Helmholtz and 
Gibbs free energies of elastic deformation can be written using Equation (2.26) as: 
)(kT
2
1STA 23
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1elel λλλν∆∆ ++=−=  (2.27)
elel AG ∆=∆  (2.28)
2.2.3 Flory-Rehner theory of gel swelling 
According to the Flory-Rehner theory of swelling, the free energy change during 
swelling is equal to the sum of the free energy changes of mixing )( mG∆  and elastic 
deformation )( mG∆ : 
elm GGG ∆+∆=∆  (2.29)
Substitutions of Equations (2.10) and (2.28) into Equation (2.29) leads to: 
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⎡ +++++= )(
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2
2
1211221ı λλλνχ∆  (2.30)
Note that the deformation ratios 1λ , 2λ  and 3λ  are microscopic deformation ratios of 
the network chains and they are equal to the macroscopic deformation ratios of the 
gel sample. For isotropic swelling, 
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where V  and oV  are the gel volumes after the gel preparation and after swelling, 
respectively, and 02v  and 2v  are the corresponding volume fractions of crosslinked 
polymer in the gel.  As the gel swells in a solvent, that is as the solvent molecules 
represented with 1n  penetrate into the gel network, G∆  will decrease.  At the 
swelling equilibrium, G∆  will not change with 1n . To describe swelling equilibrium, 
the excess chemical potential 1µ∆  is used which can be obtained by differentiations 
of G∆  with respect to 1n  at constant temperature, pressure, and 2n :  
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where 1µ  and o1µ are the chemical potentials of solvents inside and outside the gel, 
respectively, ν  is the number of chains per unit volume of the network and 1V  is the 
molar volume of a segment. Since 1>>x  and, 
c
e M
ρν =  (2.33) 
where ρ  is the polymer density and cM  is the molecular weight of the network 
chains, Equation (2.32) at swelling equilibrium can be written as: 
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Note that the last term 2/2v  in Equation (2.34) which is negligible at high swelling 
ratios, is included according to a more rigorous treatment of elastic deformation.  
Equation (2.34) is known as the Flory-Rehner Equation and widely used in 
predicting the swelling behavior of uncharged gels in solvents. 
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2.2.4 Swelling of ionic gels  
If the network chains of a gel carry charged units, the gel swells much more than the 
corresponding uncharged gels.  The reason of this excess swelling is the existence of 
mobile counterions in charged gels.  For example, in Figure 2.9, a swollen ionic gel 
in which the fixed ion is taken to be a cation is schematically represented together 
with a non-ionic gel of the same crosslink density.  
 
Figure 2.9 : Schematic representation of (a) a non-ionic gel, (b) anionic gel with 
mobile anions inside [74]. 
Due to the condition of electroneutrality, there are mobile anions inside the gel, 
whose number is equal to the number of fixed cations.  If immersed in water, the 
ionic gel will swell much more than the uncharged gel due to the concentration 
difference of charges between the inside and outside of the gel phase.  The osmotic 
pressure ( iπ ) due to this concentration difference is simply equals to: 
kTcii =π  (2.35)
where ic  is the number of mobile counterions per gel volume and is equals to: 
2
1
v
V
fci =  (2.36)
where   is the mole fraction of ionic segments in the network chains.  Since the 
osmotic pressure relates to the excess chemical potential by the Equation: 
1V
µπ ∆−=  (2.37)
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the excess chemical potential due to the ionic contribution )( iµ∆  can be calculated 
from Equations (2.35), (2.36), (2.37) as: 
2kTfvi −=∆µ       (2.38) 
In case of ionic gels, Equation (2.38) must be added to Equation (2.30) to predict the 
swelling equilibrium.  Thus, swelling of ionic gels is described by the following 
Equation: 
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According to Equation (2.39), the higher the ionic group contents of the hydrogels, 
i.e., the higher f , the lower the polymer volume fraction 2v .  Thus, highly swollen 
hydrogels )1( 2 <<v   can be obtained if a large fraction of an ionic comonomer is 
used in the gel preparation. 
2.2.5 Elastic modulus of gels  
In the previous section, equations describing the changes in the entropy els∆  and 
Helmholtz free energy elA∆  during the deformation of a gel sample were presented.  
Since work of deformation  W  equals to elA∆ , by using Equation (2.27), the 
following equation for W  can be written: 
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For uniaxial deformation, since 
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1
λλλ ==  and λλ =1 , Equation (2.40) reduces to: 
)32(kT
2
1W 2 −+= λλν  (2.41) 
where λ  is the linear deformation ratio (deformed length/initial length) due to the 
applied force F  on the gel sample.  By using Equation (2.41), the force of F acting 
on the gel sample can be calculated: 
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Equation (2.42) involves a single physical parameter kTν  which is only dependent 
on the crosslink density of the material.  This is called the elastic modulus G  of the 
gel in dried state: 
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M
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ρν ==  (2.43)
As the gel swells, the elastic modulus decreases due to the decrease in the 
concentration of the network chains ν .  The elastic modulus of swollen gel is given 
by the following equation: 
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  Since 2
0
2 νν =  for the hydrogels just after preparation, the modulus 0G  after 
preparation becomes: 
0
20 νρ RTMAG c
=  (2.45)
where the front factor A equals to 1 for affine network and 1-2/Ф for a phantom 
network, Ф is the functionality of the crosslinker. From Equation (2.44) and (2.45) 
the reduced modulus rG  defined as the ratio of the elastic modulus of the gel at a 
given degree of swelling to that of the same gel after its preparation is given for a 
network of Gaussian chains by: 
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3.  DESIGN OF GELS WITH SUPERIOR PROPERTIES 
Important parameters of gels, which to a large extent determine their performance, 
are an improved mechanical property as well as a fast swelling-deswelling rate to the 
external stimuli.  However, in some applications, such as artificial organs, the 
conventional gel with slow response rate cannot satisfy this requirement.  Also, gels 
prepared in the presence of diluents are very soft in their swollen states.  Therefore, 
poor mechanical properties of highly swollen gels and their slow response rate limit 
their technological applications.  In the following paragraphs, the progress toward 
overcoming this shortages and thus, obtaining gels with desired properties are 
summarized. 
3.1 Gels with Improved Mechanical Performance  
Although a significant amount of literature is dedicated to the synthesis and swelling 
characteristics of gels [79-82] as well as to the control of their elastic modulus, [83-
85] much less attention has been paid to their mechanical strength, i.e., resistance to 
fracture [86-88].  Gels that are highly swollen in a liquid are normally mechanically 
weak and very brittle.  
In spite of low modulus of gels, they typically fail by crack propagation at strains of 
just a few percent.  This very low resistance to crack propagation can be understood 
in terms of the classic Lake-Thomas model of crack propagation in an elastomer 
[89].  In this model the energy dissipated in crack propagation is the energy required 
to stretch all the main chain bonds to their dissociation energy in each chain strand 
(length of chain between crosslinks) that must be broken for the crack to propagate.  
The strands that must be broken are those that cross the crack plane so that they have 
adjacent cross-links on either side.  This energy, typically called Gc is often just a 
few J/m2, giving little resistance to crack propagation [8]. 
In order to create energy dissipation mechanisms to slow crack propagation and thus, 
improve the mechanical properties of gels several attempts have been made.  These 
attempts will be summarized in the following sections.  
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3.1.1 Double network gels 
Double network (DN) gels are a subset of interpenetrating networks (IPNs) formed 
by two hydrophilic networks, one highly crosslinked, the other loosely crosslinked.  
Gong, Osada, and co-workers have demonstrated that it is possible to make DN gels 
that are very tough, with a Gc value of up to 1 kJ/m2 [9].  As shown in Figure 3.1, the 
first network is synthesized by usual radical polymerization of a strongly ionic 
monomer and a crosslinker in a dilute solution containing about 80 wt % water.  
After formation, the first network is swollen to equilibrium in a solution of a second, 
typically uncharged, monomer containing a very small amount of a cross-linking 
agent.  The second monomer is then polymerized to form a second, very loosely 
crosslinked network within the gel whose total polymer concentration is typically 
about 10 wt %.  The toughness values obtained in this final double network can be 
remarkably high, particularly considering how little polymer it actually contains. 
Interestingly, the gels formed in this way show not only high toughness, but also are 
fairly stiff, because the first network is highly cross-linked and stretched by the 
swelling process to form the second network [90-92]. 
 
Figure 3.1 : DN gels consist of two interpenetrating polymer networks: one is made 
of highly cross-linked rigid polymers and the other is made of loosely 
crosslinked flexible polymers (Downloaded from Ref. [93]). 
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3.1.2 Topological gels  
In topological gel, the polymer chains with bulky end groups are neither covalently 
crosslinked like chemical gels nor do they interact attractively like physical gels, 
instead they are topologically interlocked by figure-of-eight cross-links (Figure 3.2).  
It is expected that these cross-links can pass along the polymer chains freely to 
equalize the tension of the threaded polymer chains just like pulleys.  Therefore, the 
nanoscale heterogenity in structure and stress may be automatically equalized in the 
gel.  Ito et al. reported this kind of gel that was synthesized from a polyrotaxane in 
which a poly (ethylene glycol) chain with large molecular weight is sparsely 
populated with α-cyclodextrins [94].  By chemically crosslinking α-cyclodextrins 
contained in the polyrotaxanes in solution, transparent gels were obtained with good 
tensility, low viscosity, and large swellability in water.  They called this topological 
gel by figure-of-eight cross-links a polyrotaxane gel. 
 
Figure 3.2 : Schematic diagram of the polyrotaxane gel prepared from the sparse 
polyrotaxane by covalently cross-linking α-cyclodextrins (Figure was 
taken from Ref. [10]) 
3.1.3 Gels formed by hydrophobic associations 
One possible method to create dissipative mechanisms and a breakable network of 
interactions in a gel is precisely to introduce such hydrophobic interactions inside the 
gel.  By chemically cross-linking water-soluble associating polymers [94], a gel with 
both permanent and reversible junctions can be formed [95, 96].  The hydrophobic 
clusters with a characteristic lifetime are expected to induce dissipative mechanisms 
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in the gel, so that its mechanical properties and especially loss modulus and 
hysteresis should be increased.  By analogy with the behavior of rubbers, one can 
expect also an improved fracture resistance for the same elastic modulus. 
Miquelard-Garnier et al. presented a novel route to make such materials which bases 
on chemical modification of hydrophilic chains by hydrophobic short chains [11].  
They focused on  synthesizing hydrophobically modified gels starting from self-
assembling properties of poly (sodium acrylate) grafted with alkyl groups and using 
the reactive properties of thiols for chemical cross-linking.  It was shown that the 
properties of these new gels can be easily controlled by the polymer concentration, 
the amount of hydrophobic groups introduced, and the quantity of cross-linker and/or 
initiator. 
3.1.4 Nanocomposite gels 
Nanocomposite gels are formed by the nanoscale dispersion of layered silicates or 
clays in polymer networks.  Recently, Haraguchi et al. prepared such gels with 
improved mechanical properties starting from AAm-based monomers together with 
Laponite as a physical cross-linker, replacing the traditional chemical crosslinker 
BAAm [12, 97-99].  Laponite, a synthetic hectorite clay, when suspended in water 
forms disklike particles with a thickness of 1 nm, a diameter of about 25 nm, and a 
negative surface charge density of 0.014e-1/A2, which stabilizes dispersions in water.  
Formation of a crosslinked polymer network using a small amount of Laponite 
indicates that these nanoparticles act as a multifunctional cross-linker with a large 
effective functionality.  The action of Laponite as a crosslinker seems to be due to 
strong interactions at the clay-polymer interface and the combination of polymer and 
inorganic components within a single material on a nanoscale level.  As illustrated in 
Figure 3.3, nanocomposite gels can be elastically stretched to about 1000 times their 
original length.  Investigations on the synthesis of nanocomposite gels were also 
carried out by Okay et al. They showed that the gel properties depend on the amount 
of clay and the type of the monomer used in their preparation [100-102].  
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Figure 3.3 : Tough nanocomposite gels capable of withstanding high level of  
deformation such as a) elongation b) torsion (Taken from Ref. [97]) 
3.2 Gels With Fast Response Rates 
The ability of fast response to environmental stimuli, i.e., fast swelling and 
deswelling behavior of gels plays a decisive role in their assessment for practical use.  
However, the swelling - deswelling process of conventional gels proceeds by solvent 
diffusion and is a slow process, which strongly depends on the gel size.  The 
increasing demands in gel for different applications require access to new types of 
gels with fast swelling  deswelling properties.  A number of techniques for increasing 
the response rate of gels have been demonstrated: 
3.2.1 Submicrometer-sized gels  
Since the rate of response is inversely proportional to the square of the smallest 
dimension of the gel, the kinetics of gel movement are dominated by polymer 
network collective diffusity. Due to this diffusion dependency, reducing gel size is 
one technique to achieve rapid kinetics. Therefore, submicrometer-sized gel particles 
respond to the external stimuli more quickly than bulk gels and are more useful for 
experiment and practical application [13]. 
However, this approach has the drawback that, with a reduction of the gel size to 
submicrometer range, separation of gel particles from the surrounding liquid medium 
requires additional efforts [103]. 
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3.2.2 Gels having dangling chains  
Attachment of linear polymer chains on the gel particles is another approach to 
increase the response rates of gels [13-15].  The increased response rate of these 
porcupine polymers is due to the fact that the dangling chains in a gel easily collapse 
or expand in response to an external stimulus because one side of the dangling chain 
is free.  
Kaneko et al. prepared thermosensitive comb-type grafted PNIPAAm gels having 
different graft chain length [15].  These gels had the same chemical composition but 
different architecture from the normal type PNIPAAm gel (Figure 3.4).  The 
molecular mobility of polymers in a graft-type gel was improved due to the existence 
of freely mobile grafted chains.  The equilibrium properties and the rate of volume 
changes of gels were readily controlled by the chain length of the grafted polymers.  
A longer chain length allowed higher equilibrium swelling and rapid deswelling 
dynamics.  Denser surface shrunken polymer layers were formed on the gel having 
shorter graft chains, and a larger magnitude of internal hydrostatic pressure during 
shrinkage accumulated within the gel having longer graft chains.  
Figure 3.4 : Dangling linear polymer chains on a gel. 
3.2.3 Macroporous gels  
Another method to obtain fast-responsive gels is to construct an interconnected pore 
structure within the gel matrix so that the response rate becomes a function of the 
microstructure rather than the size or the shape of the gel samples.  Macroporous gels 
have such an internal structure consisting of numerous interconnected pores of 
 35
different sizes.  The connectivity of the pores plays a crucial role in fast swelling and 
deswelling kinetics of the macroporous gels; solvent can enter and leave the gel 
through the interconnected pores by convection.  In contrast to the macroporous gels, 
the swelling and deswelling kinetics of the non-porous gels are controlled by 
diffusion of solvent molecules through the gel network, which is a slow process. 
The technique to obtain cross-linked polymers with a macroporous structure was 
discovered at the end of 1950s as a result of the search for polymeric matrices 
suitable for the manufacture of ion-exchange resins having faster kinetics [104-107].  
Since then, the procedures to make such gels have greatly improved.  
Macroporous gels are finding numerous applications as both commodity and 
specialty materials.  They are utilized in specific sorbents, drug delivery systems, ion 
exchangers and adsorbents, catalysts, manufacturing of agricultural products, 
actuators, separation processes in biotechnology and sensors [23, 108, 109].  
Although the vast majority of current macroporous beads are based on styrene-
divinylbenzene copolymers, other monomers including acrylates, methacrylates, 
vinylpyridines, vinylpyrrolidone, and vinyl acetate have also been utilized [110].  
These gels are typically produced as spherical beads by a suspension polymerization 
process [111].  To achieve the desired porosity, the polymerization mixture should 
contain both a crosslinking monomer and an inert diluent, the porogen. Solvating or 
non-solvating diluents for the polymer that is formed, supercritical carbon dioxide, or 
soluble non-crosslinked polymers or mixtures of such polymers have proven to be 
efficient porogens [17].   
In the next section, the formation of macroporous gels is discussed and some 
techniques to prepare such gels are given. 
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4.  SYNTHETIC  APPROACHES TO  MACROPOROUS  GELS   
Macroporous gels contain nanometer- to micron-size liquid channels separated by 
cross-linked polymer regions, which provide sufficient mechanical stability.  It 
should be noted that the term “macroporous” does not mention the size of the pores 
in these materials; it is used to distinguish these gels from those exhibiting swollen-
state porosity, i.e., a molecular porosity due to the space between the network chains 
in their swollen states.  Thus the term “macroporous gel” refers to materials 
exhibiting porosity in their dry state, which is characterized by a lower density of the 
network due to the voids than that of the matrix polymer.  In contrast to inorganic 
porous gels such as silica gel carriers, macroporous gels offer flexibility, ductility, 
and the ability to react with a large number of organic molecules [103].  
Well-defined pores with a narrow size distributions are important points in the design 
of macroporous gels.  The preparation of aligned and regular porous materials with 
micrometer-sized pores is of particular importance for applications such as tissue 
engineering, microfluidics, and organic electronics [112, 113].  Also, the pore size 
has also significance, i.e., small pores and thus, large surface areas are essential for 
many supported catalysts and gas chromatography packing, whereas the separation 
of nucleic acids or the immobilization of enzymes requires larger pores [114, 115].  
Therefore, the synthesis technique of these materials should prevent broad and 
uncontrollable size distribution of pores.  Furthermore, formation of pores in gels 
should not cause a significant reduction in their mechanical properties.    
Macroporous gels were mainly obtained by reaction-induced phase separation 
polymerization.  More recently, cryogelation technique was also used to made such 
gels. In the following, these and other techniques used for preparation of 
macroporous gels are presented.  
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4.1 Phase Separation  
Macroporous polymer networks are mainly prepared by free-radical crosslinking 
copolymerization of vinyl and divinyl monomers in the presence of an inert diluent.  
A reaction-induced phase separation during the gel formation process and 
agglomeration of the phase-separated domains are responsible for the formation of 
macroporosity in the final material.  Thus, the porous structure in the gels is created 
by using the inert diluent, called porogen (pore-forming agent).  In this technique, the 
inert diluent is soluble in the monomer.   After polymerization-crosslinking reactions, 
removing the diluent from the network results in a porous structure inside the gel 
matrix.  The network synthesized without inert diluent consists of a continuous 
polymer phase while the network synthesized with inert diluent consists of voids 
(pores).  Several diluents were used in the polymerization to create pores such as 
solvents or nonsolvents for polymer chains or inert linear polymers.  In order to form 
macroporous structure in dried state, a phase separation must occur during the 
crosslinking process [17, 116].  The structures obtained at high crosslinker contents 
have nanometer to micron-sized pores and they look like cauliflowers, typical for 
macroporous networks formed by phase separation [17].   As a result of this 
macroporous structure, these materials respond to the external stimuli very rapid.  
The uncontrollable size distribution of the pores and the high amount of crosslinker 
needed, which results gels with low swelling ratios, are the main disadvantages of 
this technique.  
4.2 Foaming  
Foaming techniques make use of gaseous diluents as pore-forming agents.  These are 
generated by evaporation of solvents during temperature increase or by chemical 
reactions during polymerization e.g. polyaddition of urethanes.  Because of the 
comparably high interface tension of gas bubbles in polymers, they undergo rapid 
Ostwald ripening, and the resulting pores can be open or closed, but are usually very 
large.  Formation of finer pore systems relies on the addition of surfactants, e.g. 
silicone surfactants [117, 118].  
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4.3 Crosslinking of Individual Gel Particles 
Individual gel particles can be crosslinked to form crosslinked aggregates.  Pores are 
formed between the gel particles.  Such aggregate macrostructures were prepared by 
initially mixing the gel particles (in the range of a few hundred micrometers) with a 
solution of a crosslinking agent, water, and hydrophilic organic solvent such as 
isopropanol [119]. Pores in such structures are present between gel particles, and the 
size of pores is much smaller than the size of the particles.  This approach is limited 
to the absorbent particles that have chemically active functional groups on their 
surfaces.  
4.4 Freeze Drying  
As an alternative approach, macroporous structures can also be obtained by freeze 
drying.  By this technique, the solvent freezing followed by the sublimation of 
solvent crystals (ice in case of aqueous systems) forms a system of interconnected 
pores in the polymeric material.  A honeycomb like pore structure forms due to the 
freezing of free water in the gel, causing the polymer chains to condense [120].   
4.5 Template Synthesis  
A modern approach toward the synthesis of macroporous gels is the use of so-called 
templates.  Beside the traditional synthetic routes, the concept of template synthesis 
has become increasingly important.  Hentze and Antonietti [118] reviewed the 
developments in the field of organic polymer synthesis using templates ranging from 
functional organic molecules (molecular imprinting) to organized arrays of solid 
colloids (colloidal imprinting) up to micelles and microemulsions.  
The most general definition of a template is one with a structure directing agent.  
Porogenes just create a pore by their geometrical presence, thus the templated 
material is a 1:1 copy of the template structure.  During synthesis no changes in order 
and scale length of the template structure occur, and, the resulting polymer contains 
pores with the shape and size of the porogen [118].  Template synthesis concepts 
became increasingly important for supramolecular chemistry in 1980s [121-123], and 
they were employed from that time also for the generation of porous materials.  By 
template synthesis, polymer morphologies with closed or opened pore structures can 
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be obtained in a size range from the nanometer region to several micrometers.  There 
are several templating methods for preparing porous gels as summarized below: 
i) Molecular imprinting:  
Molecular imprinting is a technique for template synthesis of polymers with pores 
structured on a molecular scale [124].  By this technique, polymer gels are so 
designed that the pore and the molecule complement each other, and highly specific 
recognition sites with binding capabilities similar to those found in biological 
systems are to be expected e.g. enzymatic catalysis.  The synthesis is usually 
performed by copolymerization of functional and cross-linking monomers in the 
presence of a molecular template.  The functional monomers have to interact with the 
template molecules by covalent or non-covalent bonding.  After polymerization the 
template molecules are removed by extraction or chemical cleavage leaving 
molecular imprinted cavities according to the shape and chemical structure of the 
imprint molecules.  
ii) Colloid crystal templating:  
This is a transcriptive templating technique.  Using a colloidal crystal as a template 
with precursors which do not affect the crystalline structure enables replication of the 
crystal morphology into a durable material.  The synthesis is always performed in a 
two-step procedure, the assembly to a crystalline template morphology followed by 
swelling and polymerization of precursors.  After polymerization the template is 
removed by extraction or dissolution, thus resulting in a porous, periodically ordered 
polymer [118].   
iii) Microemulsions:  
Porous polymers are also obtained by polymerization from ordered surfactant phases 
or micro emulsions.  Microemulsions are thermodynamically stable mixtures of oil, 
water and a surfactant.  They form spontaneously and are optically transparent or 
slightly opaque.  If one or both of the subphases contain a monomer, polymerization 
reactions can be performed confined by the geometry of the microemulsion, ending 
up with rather well controlled porous polymer morphologies.  Opposite to globular 
microemulsions with a reverse or direct spherical aggregate structure, sponge phases 
of bicontinuous microemulsions exhibit continuous water and oil channels 
interwoven into each other.  Monomers located in one or both of these dispersed 
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phases or the use of polymerizable surfactants often lead to continuous, porous 
polymer gels [125].   
iv) Ice Templating (Cryogelation):  
Although templating methods described above lead to the formation of unique 
materials with ordered macropores, these methods have common drawbacks.  First, 
the templates used for the synthesis are generally expensive.  Such templates have to 
be removed to form macropores, but the removal process of such templates generally 
requires severe conditions such as high or low pH and/or high temperatures.  These 
problems can be overcome by use of ice crystals as a template [126]. 
When compared with conventional methods used for the preparation of ordered 
macroporous materials, the ice-templating method has many advantages [127]:  
(i) It gives materials with straight and ordered macropores, so significant pressure 
drop during its usage can be avoided. 
(ii) It gives crack-free materials with monolithic shape. 
(iii) It does not require the addition of special templates which usually leads to high 
production costs in conventional methods.  
(iv) It does not require severe processes to remove templates, such as calcination 
and chemical etching using a strong base.   
Therefore, it can be concluded that this ice templating method is a highly practical 
method which allows the production of ordered macroporous materials with high 
purity and advanced function.  
Recently attention has turned to obtain macroporous gels by such ice templating.  In 
this case, gelation proceeds in the medium of a frozen monomer solution.  A 
macroporous structure in the final material appears due to the existence of ice 
crystals acting as a template for the formation of the pores.  In the following section, 
this contradictory way for the preparation of macroporous gels with the micrometer 
sized pores is discussed in detail. 
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5.  CRYOGELATION PROCESS TO OBTAIN MACROPOROUS GELS 
UNDER FROZEN CONDITIONS  
A new route for the preparation of macroporous hydrogels with micrometer-sized  
pores is the cryogelation technique, i.e. gelation at subzero temperatures [21, 22, 25, 
127, 128].  In such gelation, the polymerization reactions proceed in the medium of a 
frozen monomer solutions.  As a result, spongy and macroporous materials with 
interconnected macropores are obtained upon removing of template ice crystals by 
defrosting.  The idea of designing macropores by the cryogelation process comes 
from what nature has taught us, for example in sea ice, pure hexagonal ice crystals 
are formed and the various impurities, e.g., salts, biological organisms, man-made 
pollution etc. are expelled from the forming ice and entrapped within the liquid 
channels between the ice crystals [129, 130].     
5.1 Formation of Macroporous Hydrogels by Cryogelation Reactions 
The natural principle mentioned above was used by Lozinsky and co-workers for the 
preparation of porous gels.  They investigated the cryogelation reactions conducted 
below the freezing point of water [21].  As in nature, during the freezing of a 
monomer solution, the monomers expelled from the ice concentrate within the 
channels between the ice crystals, so that the copolymerization crosslinking reactions 
of the monomer and the crosslinker only take place in these unfrozen regions (non-
frozen liquid microphases) of the apparently frozen reaction system.  After 
polymerization and, after melting of ice, a polymer network with macroporous 
channels is produced whose microstructure is a negative replica of the ice formed.  
Lozinsky et al. called such hydrogels with macropores as cryogel (from the Greek 
κριoσ -kryos- means frost or ice).  Thus, in the cryogelation systems, although there 
is no phase separation during the course of the network formation process, the frozen 
zones of the reaction system act as templates during gelation, which can easily be 
removed from the gel by thawing, leading to a macroporous structure (Figure 5.1). 
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Figure 5.1 :  Schematic representation of cryogel formation.   A) Initial monomer solution  B) Formation of crystals of frozen solvent and 
unfrozen liquid channels upon partial freezing C) Polymer matrix formation by cryogelation of  apparently frozen system   D) 
Formation of cryogel with macropores after thawing of the ice crystals. 
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The important aspects of the cryogelation processes are as follows:  
i) As shown in Figure 5.1A, the reaction solution containing gel-forming agents (e.g., 
monomer, crosslinker and the initiator) is frozen at gel preparation temperatures 
(Tprep) at least a few degrees centigrade below the solvent freezing point.  The 
partially frozen system, despite looking as a single solid block, remains essentially 
heterogeneous and contains so-called unfrozen liquid microchannels along with the 
crystals of the frozen solvent (Figure 5.1B) [25].  
ii) Gel-forming reagents are concentrated in unfrozen microchannels, that is, 
cryoconcentration takes place.  As the microchannels present only a small portion of 
total initial volume, the concentration of gel precursors increases dramatically 
promoting the gel-formation.  The actual concentrations of the monomer and the 
initiator in the microchannels are much larger than their nominal concentrations, so 
that the decrease of the rate constants of polymerization and cross-linking reactions 
at low temperatures is compensated by the increased monomer concentration in the 
reaction zones.  Indeed, the critical monomer concentration for the onset of gelation 
is much lower in cryogelation systems compared with the conventional reaction 
systems, indicating the higher efficiency of cross-linking below the freezing 
temperature [103].  High concentrations of dissolved substances in the microphase 
accelerate chemical reactions, and they can proceed even faster than reactions in a 
homogeneous solution above freezing point, despite the fact that the temperature is 
lower.   
iii) The crystals of frozen solvent act as a template. When melted, they leave voids, 
macropores filled with the solvent.  The surface tension between solvent and gel 
phase rounds the shape of the pores, making pore surface smoother.  In addition, the 
wall material possesses its own (gel) porosity. Since this gel is formed at high 
concentrations of precursors, the resulting polymer phase is a dense network with a 
microporous structure (Figure 5.1C) [21].  
iv) When freezing, the solvent crystals grow till they meet the facets of other 
crystals, so after thawing a system of interconnected pores arises inside the gel.  The 
dimensions and shape of the pores depend on many factors; the most important are 
the concentration of precursors and the regimes of cryogenic treatment. 
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v)  The polymer phase of the cryogel has, in turn, micropores formed in between the 
polymer chains.  Thus, as can be seen in Figure 5.1D, cryogels have both 
heterophase and heteroporous structure.  
vi) The essential feature of the cryogelation is mandatory crystallization of the 
solvent present in the initial system, which distinguishes cryogelation from chilling-
induced gelation when the gelation takes place with decreasing temperature (as, for 
example, gelation of agarose or gelatin solutions, which proceeds without any phase 
transition of the solvent) [22].  
In the literature, the production of cryogels in general is well documented for their 
potential applications in biotechnology [3, 131-133]. Beside the Lozinsky’s 
investigations on cryogelation described above, Plieva et al. have performed 
extensive research on the formation and properties of cryogels from various materials 
[134-137] with controlled porosity [134, 138] and surface chemistry [139] for 
different applications in bioseparation [140].  It was shown that the pore size and the 
thickness of pore walls in cryogels can be controlled by varying the initial monomer 
concentration of the reaction system [134].   Increasing monomer concentration 
increases the thickness of the pore walls but decreases the total porosity of the 
cryogels.  Moreover, increasing the freezing rate of the reaction system during 
gelation also affects the size and the size distribution of pores in the cryogels [141].  
Cryogels formed from dilute aqueous solutions of gelatin, and chitosan were reported 
as well [21, 22].  Another type of cryogels with sponge-like morphology are those 
based on poly (hydroxyethyl methacrylate) (PHEMA), polyethylene glycol (PEG), 
dextran-methacrylate, and polyvinyl alcohol (PVA).  These cryogel are designed as 
monolithic rods, discs, and sheets [135, 136]. 
Through copolymerization/crosslinking in DMSO at temperature below its melting 
point, Zhang et al. demonstrated formation of a novel PNIPAAm cryogel with 
regularly oriented micromatrix exhibiting superfast and stable oscillatory swelling–
deswelling behavior in solvents [142].  Also, temperature-sensitive cryogels such as 
poly(N,N′- diethylacrylamide) cryogels  prepared by the cryogelation technique show 
the same behavior [20].  Furthermore, the grafting of PNIPAAm chains onto 
PHEMA cryogel using atom transfer radical polymerization has also been reported, 
which present a temperature sensitive matrix for fine tuning of cell adhesion 
properties [143].  
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Detailed experimental proof for the existence of non-frozen liquid microphases as 
well as analysis of the reactions in the microphases have been provided by Galaev et 
al. [144].   Free radical polymerization of (dimethylacrylamide)-co-PEG diacrylate in 
a semi-frozen aqueous solution was studied using 1H-NMR, which enables to 
monitor the amount of non-frozen phase and the progress of the polymerization 
reaction as a function of time.  It was possible to confirm the presence of a 
heterogeneous system with a liquid phase where the monomers are concentrated and 
the reactions proceed.  
Recently, macroporous interpenetrating networks of cryogels have also been 
prepared providing new properties to cryogel materials with respect to mechanical 
strength and porous structure [145].  
Very recently, Okay et al. prepared organogels with superfast responsive properties 
by conducting the cryogelation reactions in organic solutions using butyl rubber (BR) 
and the crosslinker sulfur monochloride (S2Cl2) as starting materials [146, 147].  
They obtained tough macroporous organogels containing pores with the approximate 
shape and dimensions of the solvent crystals.   
5.2 Properties of Cryogels  
5.2.1 Swelling kinetics of cryogels: 
Fast swelling and deswelling kinetics are one of the most important properties of 
cryogels.    As mentioned above, the swelling and deswelling of conventional gels 
proceed by the diffusion of solvent, which is a slow process and depends on the gel 
size.  Only very small gel samples can reach a swelling equilibrium in a reasonably 
short period of time.  Moreover, the so-called ‘‘skin effect’’ significantly decelerates 
the deswelling of larger gel pieces: the surface layer of the sample deswells and 
becomes less permeable for solvent transport (‘‘skin’’) so that additionally hinders 
further deswelling [148].  
An interconnecting porous structure of the cryogels is the key solution to avoid the 
‘‘skin effect’’ in gels and to promote their fast volume changes in response to 
environmental stimuli.   The existence of solvent channels along the cryogel network 
provides unhindered diffusion of solvent molecules in and out of the gel phase.  
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5.2.2 Mechanical performance of cryogels: 
The increased local polymer concentration in the pore walls ensures sufficient 
mechanical strength of the cryogels [143, 149].  Thus, they are highly elastic 
materials.  As shown in Figure 5.2, the load-displacement curves, obtained for 
PAAm cryogel prepared from different monomer concentrations, showed typical 
behavior of highly elastic materials with extensive flexibility and shape-recovery 
property against compression. 
Due to the elasticity and sponge-like morphology, the PAAm cryogel can withstand 
large deformations and can be easily compressed up to 80% without suffering 
mechanical damage whereas traditional PAAm gels are easily destroyed when 
deformed less than 30 % [139].  The high elasticity of the cryogel was effectively 
exploited for the detachment of affinity bound bioparticles through the mechanical 
deformation of the cryogel [150].  After releasing compression, the cryogel 
immediately adopt their initial shape.  Due to the mechanical stability, cryogels can 
be compressed repeatedly with no distortion of the porous structure.  
 
Figure 5.2 : Load-displacement curves for PAAm cryogels synthesized at various 
initial monomer concentrations: 6% (6-pAAm), 10% (10-pAAm), and 
15% (15-pAAm). (Figure was taken from Ref. [149]) 
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5.3 Applications of Cryogels 
Unique macroporous morphology of cryogels in combination with osmotic, chemical 
and mechanical stability make cryogels attractive matrices for chromatography of 
large biomaterials like protein aggregates, membrane fragments, viruses, cell 
organells and even whole cells.  As chromatographic materials, cryogels can be used 
both in a beaded form and as spongy cylindrical blocks synthesized inside the 
chromatographic column.  Macroporous nature of cryogels is also advantageous for 
cryogel application as matrices for immobilization of biocatalysts operating in both 
aqueous and organic solvents [21, 141].  
Cryogels can also be used in cell separations, in cell culture and cell-biomaterial 
applications [137, 151, 152].  The cryogel scaffold is useful for the area of cell 
separation like release of particular cell type after they are affinity bound [153] by 
squeezing method which is possible due to highly elastic and spongy nature of 
cryogels.  Moreover, an application of novel BR cryogels was proposed for a 
completely different area [146, 147].  It was shown that these cryogels can be used as 
oil sorbents for the removal of crude oil and its derivatives from waters. 
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6.  EXPERIMENTAL PROCEDURE  
6.1 Materials  
The materials used in the preparation of gels are described in this part.  All the 
materials were used as received without any purification. 
a) Monomers: 
2-acrylamido-2-methylpropane sulfonic acid (AMPS-H+, Merck): Sodium salt of 
AMPS-H+ denoted by AMPS was used as the ionic monomer.  The molecular weight 
of AMPS-H+ is 207  g/mol. AMPS stock solution was prepared by dissolving 20 g of 
AMPS-H+ in about 40 ml of distilled water and adding to this solution 10 ml of a 30 
% NaOH solution under cooling.   Then the solution was titrated with 1 M NaOH to 
pH 7.00 and finally, the volume of the solution was made up to 100 ml with distilled 
water.  1 ml of AMPS stock solution thus prepared contained 0.9666 mmol AMPS. 
CH2 CH
C        O
NH
C
CH3
CH3 CH2 SO3
- Na+
                                                          AMPS-Na 
N, N’-methylenebisacrylamide (BAAm, Fluka): It was used as the crosslinker 
(divinyl monomer) in the polymerization reactions.  It has a melting point greater 
than 300 ºC.  Its molecular weight is 154.17 g/mol.  
CH2      CH
C      O
NH
CH2
NH
C      O
CH2      CH
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BAAm 
Acrylamide (AAm, Fluka): It was used as a monomer.  Its molecular weight is 
71.08 g/mol. 
CH2       CH
           C       O
NH2
AAm 
b) Initiator: 
Ammonium persulfate ((NH4)2S2O8, APS, Merck): It was used as an initiator in the 
polymerization reactions.  Its molecular weight is 228.20 g/mol.  It has a melting 
point of 120 ºC.  
c) Accelerator: 
N,N,N’,N’- tetramethylethylenediamine (TEMED, Carlo Erba): It was used as an 
accelerator in the polymerization reactions.  It has a boiling point of 120-122 ºC.  Its 
molecular weight is 116.21 g/mol. 
CH3
CH3
N C C N
CH3
CH3H
H H
H
TEMED 
It must be mentioned that APS-TEMED redox pair was used as the initiator system 
in the free-radical crosslinking copolymerization reactions.  Tanaka proposed that the 
first step in the polymerization is a reaction between APS and TEMED in which the 
TEMED molecule is left with an unpaired valance electron [1].  In order to make 
clear whether TEMED could produce the initial free radical in the reaction with APS, 
Feng and coworkers used spin trapping technique and ESR spectra [154].  The 
following initiation mechanism of the APS/TEMED system was proposed via 
contact charge transfer complex and cyclic transition state (Figure 6.1).  
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Figure 6.1 :  Initiation mechanism of the polymerization with the system 
APS/TEMED. 
It was found that the free radicals 1, 2 and 3 are responsible for the initiation of the 
polymerization.  However, the result of amino end group analysis confirmed the fact 
that the free radical 1 initiates the polymerization and becomes the end group of the 
resulting polymers.  Thus, the polymerization mechanism leading to the formation of 
gels presented in this thesis can be seen in Figure 6.2. 
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Figure 6.2 : Synthesis reactions of PAMPS gels. 
d) Solvent:  
Distilled water was used for the synthesis of the hydrogels, as well as for the 
swelling experiments.  Acetone was used for drying of the gels and during swelling-
deswelling measurements.  DMSO was also used as a solvent for the polymerization 
reactions.  
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e) Additives:  
Sodium Chloride (NaCI, Merck): It was added as a low molecular weight salt into 
the reaction system.  Its molecular weight is 58.44 g/mol. 
Hydroquinone (C6H6O2, Kimetsan): It was used as a polymerization inhibitor.  It’s 
molecular weight is 110.11 g/mol. 
Additionally, liquid nitrogen was used for the cooling of  reaction system to –196 oC. 
6.2 Preparation of Hydrogels   
A series of PAMPS hydrogels were prepared by free-radical crosslinking 
copolymerization of the monomer AMPS with BAAm as a crosslinker in aqueous 
solution at various temperatures Tprep above the freezing point of water, i.e., at 5 oC 
and 25 oC.  To illustrate the synthetic procedure, the following scheme is given for 
the preparation of PAMPS hydrogel at an initial monomer concentration (Co) of 5 
w/v %, at Tprep = 5 oC  and at a crosslinker content of 17 mol % (with respect to the 
monomer) : 
Stock solutions of APS and TEMED were prepared by dissolving 0.16 g APS and 
0.50 ml TEMED each in 20 ml of distilled water.  Stock solution of BAAm was 
prepared by dissolving 0.75 g BAAm in 50 ml of distilled water.  Stock solutions of 
AMPS (1.99 ml), BAAm (4.03ml), and APS (1ml) were mixed in a graduated flask 
of 10 ml in volume and the volume of the solution was completed to 9 ml with 
distilled water.  After bubbling nitrogen gas for 20 min 1 ml stock solution of 
TEMED was added into the mixture.  Portions of this solution, each 1.5 ml, were 
transferred in to glass tubes of 4 ml, the glass tubes were sealed, immersed in 
thermostated bath at Tprep 5 oC.  After 24 h, the transparent tubes shown in Figure 6.3 
B were broken and the hydrogels were immersed in a large excess of distilled water 
to wash out any soluble polymers, unreacted monomers and the initiator.   
The hydrogels after extraction were carefully deswollen in a series of water-acetone 
mixtures with increasing acetone contents.  This solvent exchange process facilitated 
final drying of the hydrogel samples.  They were then washed several times with 
acetone and dried at room temperature under vacuum to constant weight.   
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PAAm hydrogels were also prepared starting from AAm monomer and BAAm 
crosslinker using the above described procedure.  
 
Figure 6.3 : Formation of gels by free-radical crosslinking copolymerization of 
AMPS and BAAm. Glass tubes containing gels formed at low 
temperatures (frozen) (A) and at high polymerization temperatures (B) 
are shown just after synthesis.  
6.3 Preparation of Cryogels 
Cryogels were prepared as described in Section 6.2 except that the polymerization 
reactions were conducted at a range of Tprep below the freezing point of water, down 
to -24 oC.  The glass tubes containing the reaction solution was first immersed in an 
ice-water bath and cooled to 0 oC and, then APS stock solution was added.  The 
reaction tubes were inserted in a thermostated bath and stored at low temperatures.  
After synthesis, the tubes in frozen state shown in Figure 6.3 A were broken and the 
cryogel matrix was taken out and thawed at room temperature. 
The key variables to control the characteristics of the gels were:  
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i) Gel preparation temperature Tprep between -25 oC and +25 oC,  
ii) Ionic group content of the network chains between 0 and 100 mol % AMPS, 
iii) Salt (NaCl) concentration in the reaction solution between 0 and 10 w/v %,  
iv) Initial monomer concentration, Co between 0.1 and 15 w/v %, 
v) Temperature variation during cryogelation reactions which was controlled 
by: 
a) Precooling of the reaction system using liquid nitrogen prior to 
polymerization 
b) Delaying the onset of the reactions before the thermal equilibrium of 
the reaction system with the thermostat by addition of a 
polymerization inhibitor, 
vi) Type of the monomer used for the preparation of the gels (AMPS vs AAm),  
vii) The initial temperature of the polymerization Tini between 0 oC and 21 oC, 
and,  
viii) The type of the polymerization solvent (water, DMSO, DMSO-water 
mixtures) 
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7.  CHARACTERIZATION METHODS  
7.1 Equilibrium Swelling Measurements  
The swelling behavior of gels was investigated in water.  After the preparation, the 
gels in the form of rods of approximately 4 mm in diameter were cut into samples of 
about 10 mm length.  The gel samples were immersed in an excess of distilled water 
for at least one week to reach the swelling equilibrium at room temperature. 
The swelling ratios of the gels were measured by using volumetric and gravimetric 
techniques.  For good precision, three measurements were carried out on samples of 
different length taken from the same gel.  For volumetric measurements, the 
diameters of the gel rods after preparation Do and after swelling D were measured by 
a calibrated digital compass as well as by an image analyzing system, (Q Imaging 
Camera, Micro Publisher 3, 3 RTV connected to a PC with software Image-Pro Plus 
Version 6.0).  In order to dry the equilibrium swollen gel samples, they were first 
immersed in acetone overnight and then dried under vacuum.  The gel fraction Wg 
defined as the amount of crosslinked (insoluble) polymer obtained from one gram of 
monomer was calculated as: 
100/oo
dry
g Cm
m
W =        (7.1)
where V is the volume of swollen gel and Vo is the volume of gel after preparation, 
respectively.  
The equilibrium volume swelling ratio of the gels with respect to the after 
preparation state, i.e., normalized equilibrium volume swelling ratio eqV   was 
calculated as:   
=eqV
3
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
oo D
D
V
V        (7.2)
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where V is the volume of swollen gel and Vo is the volume of gel after preparation, 
respectively.  
Furthermore, the equilibrium volume and weight swelling ratios of the gels with 
respect to their dry states, qv and qw were also calculated as: 
dry
v V
Vq = =
3
⎟⎟⎠
⎞
⎜⎜⎝
⎛
dryD
D               (7.3) 
dry
sw
w m
mq =               (7.4) 
where Vdry  is the volume of the dry gel and Ddry and mdry are the diameter and the 
mass of dry gels, respectively.  
7.2 Mechanical Measurements  
The mechanical measurements were conducted in a thermostated room of 23 ± 0.5 
ºC.   Uniaxial compression measurements were performed on gels at different degree 
of swelling and after their preparation.  The key parts of the home-made apparatus 
used for measuring stress-strain data on the gels are shown in Figure 7.1. 
Briefly, cylindrical gel sample after preparation of 5 mm in diameter and 13 mm in 
length was placed on a digital balance.  A load was transmitted vertically to the gel 
through a road fitted with a PTFE end-plate.  The force acting on the gel was 
calculated from the reading of the balance  m  as: 
mgF =               (7.5) 
where g   is the gravitational acceleration, (9.80 m/s2).  The resulting deformation is 
given as: 
lll o −=∆               (7.6) 
where ol  and l  are the initial undeformed and deformed lengths, respectively.  ∆l 
was measured using digital comparator (IDC type Digimatic Indicator 543-262, 
Mitutoyo Co.), which was sensitive to displacements of 10-3 mm.  The force and the 
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resulting deformation were recorded after 15 s of relaxation.  The measurements 
were conducted up to about 20% compression.  The sample weight loss during the 
measurements due to water evaporation was found to be negligible.  The deformation 
ratio λ   was calculated as: 
ol
l∆−= 1λ               (7.7)
The corresponding stress  f  was calculated as: 
AFf /=               (7.8)
where A , is the cross-sectional area of the specimen, i.e., 
2
2
⎟⎠
⎞⎜⎝
⎛= oDA π               (7.9)
As pointed out in the introduction section, for uniaxial deformation, the statistical 
theories of rubber elasticity yield for Gaussian chains an equation of the form [75]: 
)( 2−−= λλGf               (7.10)
where G is the elastic modulus of the gel sample.  
 
Figure 7.1 : Apparatus for carrying out stress-strain measurements. 
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7.3 Texture Determination by Scanning Electron and Optical Microscopy 
The internal morphology of the gels was investigated by scanning electron 
microscopy (SEM).  The gels were dried by gradually replacement of water with 
acetone (0→ 40 % →60 % →70 % → 80 % → 90 % →100 %) and then, they were 
kept under vacuum at 40 °C for one week.  After that, gel samples were coated with 
gold using Sputter-coater S150 B Edwards.  Jeol JSM 6335F Field 
Emission Scanning Electron Microscope instrument was used for obtaining SEM 
images of the dry gel samples (Figure 7.2).  
 
Figure 7.2 : Jeol JSM 6335F Field Emission Scanning Electron Microscope used for 
investigating the internal morphologies of dried gels. 
The morphology of the gels was also investigated by optical microscopy (Figure 
7.3).  An Olympus Biological Microscope, Model CX31, was used to monitor the 
interior morphology of the gels in their swollen states.  For this purpose, the gel 
samples were cut to thin slices using a razor blade.  The slices were then transferred 
to object slides and the gel samples were studied at various magnifications.  
Microphotographs taken from the gels were captured by Q Imaging Camera, 
MicroPublisher 3.3 RTV connected to a PC with the software Image-Pro 
PlusVersion 6.0. 
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Figure 7.3 : Photograph of the image analyzing system. Optical microscopes (left 
and right), PC monitors (middle) and imaging camera (right over the 
microscope)   
7.4 Swelling-Deswelling Kinetics Measurements 
For the deswelling kinetics measurements, the equilibrium swollen gel samples in 
water were immersed into a poor solvent, e.g. into acetone (Figure 7.4).  The weight 
changes of gels were measured gravimetrically at regular time intervals.  For the 
measurement of the swelling kinetics of gels, the collapsed gel samples in acetone 
were transferred into water.   The weight changes of gels were also determined 
gravimetrically as described above.  The water uptake or the water retention was 
calculated in terms of the relative mass parameter mrel, given as: 
ws
t
rel m
mm =               (7.11)
where mt is mass of the gel sample at time t. 
Further, the swelling of the gels was also investigated starting from their dry states. 
The weight of the gels was recorded at convenient time intervals.  The results were 
interpreted in terms of the weight swelling ratio qw,t  (mass of gel at time t / mass of 
dry network) of the gels.  
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The swelling kinetics of the gels was also determined volumetrically. In order to 
check the durability of the gel sample against the volume changes, the deswelling-
swelling cycle was repeated twice.  The measurements were conducted in-situ by 
following the diameter of the gel samples under microscope using the image 
analyzing system mentioned above. The results were given as the relative volume 
swelling ratio: 
Vrel = (Dt / D) 3                                                                                               (7.12) 
where Dt is the gel diameter at time t. 
 
Figure 7.4 : Deswelling of an equilibrium swollen gel in acetone and its reswelling 
in water.  
7.5 Porosity Calculations 
The relative values of the weight and the volume swelling ratios of porous gels 
provide information about their internal structure in the swollen state [17].  This is 
due to the fact that the weight swelling ratio includes the solvent locating in both 
pores and in the polymer region of the gel.  On the contrary, if we assume isotropic 
swelling, that is the volume of the pores remains constant upon swelling, volume 
swelling ratio qv of porous networks only includes the amount of solvent taken by the 
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gel portion of the network.  Thus, the larger the difference between qw and qv, the 
larger the amount of solvent in the pores, i.e., the larger the volume of pores.  In 
Figure 7.5, the scheme of a porous material is given, where white regions represent 
the pores inside a polymer matrix.  Filling of the solvent into the pore regions does 
not increase the volume of the material, but its weight will increase.  However, 
swelling of polymer regions increases both the weight and the volume of the 
material.  
Figure 7.5 : Schematic representation of the swelling process of a porous gel.  
From the weight and volume swelling ratios of gels, their swollen state porosities Ps 
can be estimated using the equation [17]: 
( ) 212 10/111% xddq
q
P
w
v
s ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−+−=  (7.13)
where d1 and d2 are the densities of solvent (water) and polymer, respectively.   
Assuming that d1 = 1 g/ml and d2 = 1.44 g/ml, the swollen state porosities Ps of the 
networks can be calculated by use of Equation (7.13).    
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Further, the dry-state porosity of the networks can be estimated from their densities.  
For this purpose, the weight mdry and the dimensions (diameter Ddry and length ldry) of 
a cylindrical network sample are measured, from which its density do can be 
calculated as   
( )4/2 drydrydryo lDmd π=    (7.14) 
The total porosity P relates to the density by: 
P = (1- do / d2) (7.15) 
where d2 is the density of non-porous network.    
7.6 Differential Scanning Calorimetry Measurements 
For the determination of the non-freezable water content of the gels, Differential 
Scanning Calorimetry (DSC) measurements were carried out on Perkin-Elmer 
Diamond DSC.  Gels equilibrium swollen in water were placed in an aluminum 
sample pan of the instrument.  The pan with swollen gel was sealed and weighed.  
Then, it was frozen within the instrument at various temperatures and then heated to 
60oC with a scanning rate of 2.5 oC/min.  The transition enthalpy ∆H for the melting 
of frozen water was determined.  After the scans, the pans were punctured and dried 
at 80oC to constant weight.  The total water content of the gel mwater was calculated 
as mwater = m1 – m2, where m1 is the weight of pan with swollen gel and m2 is the 
same weight but after drying.  The mass fraction of non-freezable water in the gel, 
fH20 was calculated as fH20 = 1- ((∆H/∆Hm,i) / mwater) where ∆Hm,i is the heat of 
melting of ice which is 334.45 J/g. 
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8.  RESULTS AND DISCUSSION 
The aim of this thesis was to obtain superfast responsive hydrogels with superior 
mechanical properties.  Thus, experiments were conducted within the framework of 
this thesis to improve two weak points of hydrogels, namely i) their weak mechanical 
strength, and, ii) their slow rate of response against the external stimuli.  
In the following paragraphs, it will be seen that the mechanical properties of PAMPS 
hydrogels were first improved by use of a novel concept described in the 
Introduction.     Although the mechanical properties of the hydrogels were improved 
by use of this technique, their response rate was still too slow for many applications.  
In the second part of the thesis, by conducting the gelation reactions at temperatures 
below the freezing point of the reaction system, macroporous hydrogels were 
obtained with increased response rates.  Various strategies were used to design the 
internal morphology of these macroporous hydrogels.  
8.1 PAMPS Hydrogels With Improved Mechanical Properties 
A concept to prepare soft gels that stiffen after swelling in good solvents was 
proposed as mentioned above.  To check this concept, PAMPS hydrogels were 
synthesized at high crosslinker contents and low monomer concentration.  The 
hydrogels were subjected to elasticity and swelling measurements. 
8.1.1 Elastic properties  
A series of PAMPS hydrogels were prepared from AMPS monomer and BAAm 
crosslinker in the presence of APS-TEMED redox initiator system at 5oC. The initial 
monomer concentration was 5 w/v %.   The crosslinker content was varied between 5 
to 50 mol %.  No macrogel formation was observed if the BAAm concentration was 
less than 8 mol%.  The hydrogels were subjected to the elasticity tests both after 
preparation state and after equilibrium swelling in water.   The gels formed between 
9 and 15% BAAm were too weak to withstand the swelling and elasticity tests.  
Typical stress-strain data for PAMPS hydrogels after their preparation are shown in 
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Figure 8.1A for various crosslinker contents.  The elastic modulus of the hydrogels 
was determined from the slope of stress-strain isotherms by use of Equation (7.10).  
In Figure 8.1B, the elastic modulus of the hydrogels after equilibrium swelling in 
water G are shown as a function of the BAAm content.  For comparison the modulus 
of the hydrogels after preparation Go are also shown in the figure.  It is seen that the 
modulus of equilibrium swollen hydrogels G increases with increasing BAAm 
content up to 50 mol%.  The increase of the elastic modulus is attributed to the high 
stretching of the network chains.  Furthermore, Go also increases with BAAm 
content, indicating that the average gel crosslink density increases with increasing 
crosslinker content.  
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Figure 8.1 : A) Typical stress – strain data of PAMPS hydrogels just after their 
preparation. BAAm mol % = 17 (T), 19 (), 21 (S), 23 (O), 25 
(z), 30 (U), 40 (V), and 50 (¥).  The BAAm content (mol %) is 
also indicated in the figure. B) The elastic modulus of ionic PAMPS 
hydrogels after preparation Go (open symbols) and after equilibrium 
swelling in water G (filled symbols) shown as a function of the 
crosslinker content.  
In spite of the large amount of the crosslinker BAAm present in the reaction system, 
the gels exhibit moduli of elasticity in the range of 100 – 600 Pa, which are much 
lower than the moduli of PAAm hydrogels formed at 1 mol % BAAm (1500 Pa 
[155]).  These low moduli of the hydrogels indicate that only a small amount of the 
crosslinker BAAm forms effective crosslinks in the network.  BAAm units involved 
in cycles, in multiple crosslinks as well as those bearing pendant vinyl groups may be 
respons ible for this observation [33].  Such nonidealities formed by the 
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inhomogeneous distribution of the crosslink points along the gel volume are known 
as the spatial gel inhomogenity [156]. 
The hydrogels were also subjected to elasticity tests at various swelling ratios, i.e., 
gel volumes between V = 1 (at a gel state just after preparation) and V = Veq (at 
equilibrium swollen state).  For obtaining gels at different swelling degrees, they 
were sealed in vials at room temperature to evaporate some amount of the gel water.  
After certain evaporation times, the diameters of partially deswollen gels were 
measured, from which their volumes V were calculated.  
The elastic moduli of these gels G was measured for various gel volumes.  The 
results are plotted in Figure 8.2A, where the elastic moduli of gels G are shown as a 
function of the gel volume V (i.e., gel swelling).  For a network of Gaussian chains, 
one may expect a continuous decrease of G with the gel swelling due to the decrease 
of the concentration of elastically effective network chains.  However, Figure 8.2A 
shows the opposite behavior.  A two to three fold increase in the moduli of elasticity 
was observed upon swelling of gels in water.  Indeed, visual observations showed 
that, as the gel swells, they become more resistant to the physical tests.  Thus, 
mechanical properties of gels are improved on their swelling. 
The reduced modulus Gr of gels at a given degree of swelling was calculated using 
Equation (2.46) and the results were plotted against the gel volume V in Figure 8.2B.  
The dashed curves represent several theoretical slopes predicted by Equation (2.46) 
for various gel volumes.  As can be seen from the figure, in contrast to the theory’s 
prediction, Gr continuously increases with the swelling of gels.  This indicates that a 
deviation from the Gaussian behavior in PAMPS gels starts at gel volumes V ≅ 1.   
According to Equation (2.46), the double-logarithmic Gr versus Veq plot should 
exhibit a slope of -1/3 for Gaussian chains.  However, the slope of Gr vs. V plot for 
highly stretched PAMPS network chains increases from about 1/3 to 1 with 
increasing BAAm %.  Thus, it can be concluded that PAMPS hydrogels swollen in 
water behave as non-Gaussian.  As a consequence, these hydrogels exhibit stiffen 
property at their swollen state [157]. 
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Figure 8.2 : A) Elastic modulus of gels G of gels shown as a function of the gel 
volume V.  BAAm content (mol %) is indicated. B)  Reduced modulus 
of gels Gr shown as a function of the gel volume V.  BAAm mol % = 
17 (), 19 (S), 21 (U), 23 (T), 25 (V), 30 (¡), 40 (), and 50 mol 
%  
In order to explain the observed phenomena the following picture was proposed:  As 
was found from the light scattering measurements [157],  PAMPS hydrogels consists 
of highly crosslinked (dense) regions of sizes 101 nm.  As illustrated in Figure 1.1, 
these regions are connected to a macro network through PAMPS network chains.  
The low modulus of elasticity of the hydrogels even at BAAm contents as high as 
50% suggests that the dense regions of gel mainly consist of agglomerates of BAAm 
molecules.  Increasing BAAm content leads to the further deswelling of the dense 
regions so that their size decreases, while the extent of concentration fluctuations 
increases.  Since the interstices between the dense regions are highly diluted, the 
network chains in these regions are in an extended conformation.   Thus, swelling 
shifts these chains in the non-Gaussian regime, even at a gel state just after their 
preparation. 
8.1.2 Swelling properties 
PAMPS hydrogels formed at various crosslinker contents were subjected to the 
swelling measurements in water.  The measurements were carried out at room 
temperature (24 oC ± 0.5 °C). Figure 8.3 shows the equilibrium swelling ratios Veq 
as a function of the crosslinker content.  It is seen that the equilibrium degree of 
swelling of the hydrogels in water decreases continuously with increasing crosslinker 
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content.  A five-fold decrease in the swelling capacity occurrs by increasing the 
crosslinker content from 17 to 50 mol %.  This is expected due to the decreasing 
mesh size of the network with increasing crosslink density which limits the diffusion 
of water into the gel network. Although hydrogels with high volume swelling 
capacities were obtained, several days were required to reach their equilibrium 
swelling.  This slow response rate limits the technological applications of the 
hydrogels. 
 
Figure 8.3 : The equilibrium swelling ratio Veq of PAMPS hydrogels shown as a 
function of crosslinker content.  
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8.2 Superfast Responsive Cryogels Based on AMPS and AAm Monomers  
In this section, cryogelation technique was applied for the preparation of fast 
responsive  hydrogels.  The hydrogels  were prepared by conducting the free radical 
copolymerization reactions of the monomers AMPS or AAm with the crosslinker 
BAAm at low temperatures in moderately frozen monomer solutions.  As mentioned 
before, the macroporous hydrogels  obtained under this conditions are termed as 
cryogels.  For comparison, conventional hydrogels were also prepared starting from 
the same monomer solutions, but at relatively high reaction temperatures, i.e., at  
21oC.  The gels prepared at high and low temperatures were designated as  
conventional hydrogels and  cryogels, respectively.  
In the following sections, the influences of several synthesis parameters on the 
properties of the gels are presented.   
8.2.1 Effect of the gel preparation temperature:  
In this section, the effect of the gel preparation temperature, Tprep, was investigated.  
For this purpose, a series of PAMPS gels were synthesized in aqueous solutions at  
Tprep varying  between -22 oC and 25 oC.  Both the crosslinker (BAAm) content in the 
monomer mixture and the initial monomer concentration was set to 17 mol % and 5 
w/v % respectively.  It should be noted that Tprep is the temperature of the 
thermostated bath in which the reactions were carried out.  Since the addition of the 
initiator APS into the monomer solution occurred at 0 oC, the reactions proceed non-
isothermally from the moment of the APS addition to the moment when the 
temperature of the reaction system reaches to Tprep.  In order to obtain reproducible 
heating, cooling, or freezing patterns, the reaction mixtures of the same volume and 
shape were used.  The time period between the APS addition and the transfer of the 
reaction system into the thermostat was also accurately controlled.   
After one day of the reaction time, gravimetric measurements showed that the 
product of the fractional monomer conversion and the gel fraction is higher than 85 
% for all the networks prepared in this study.  Thus, reducing Tprep below the bulk 
freezing temperature of the reaction system does not decrease the amount of the 
crosslinked polymer in the crude gels. 
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8.2.1.1 Equilibrium swelling properties of PAMPS gels 
Equilibrium swelling measurement of gels was performed at 25 oC in water.  Figure 
8.4 shows the equilibrium volume swelling ratio eqV   of the gels plotted as a function 
of Tprep.  It is seen that the swelling properties of  PAMPS gels drastically change as 
Tprep is decreased below  –8 oC.  Depending on Tprep, two different regimes can be 
seen from the figure: 
i) At Tprep = –8 oC or above, the gels exhibit relatively high swelling ratios 
Veq of the order of 101.  
ii) Decreasing Tprep below –8 oC results in a tenfold decrease in swelling 
ratio of  gels. 
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Figure 8.4 : Equilibrium volume swelling ratio Veq of PAMPS gels shown as a 
function of the gel preparation temperature Tprep. 
Variation of the swelling ratios of gels depending on Tprep can also be seen in Figure 
8.5, which shows photographs of swollen PAMPS gels prepared at -8 oC (left) and at  
-10 oC (right).  Although their initial diameters are the same (4 mm), their 
equilibrium swollen diameters are 10.02 and 4.70 mm respectively. 
The dramatic decrease in the degree of swelling of PAMPS gels as the Tprep  is 
decreased below -8 oC may be attributed to a change in the morphology of the 
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networks.  Indeed, the gels formed at or above -8 oC were transparent while those 
formed at lower temperatures were opaque, indicating that these gels have separate 
domains in a spatial scale of submicrometer to micrometer.  Thus, the gel properties 
drastically change as Tprep is decreased below -8 oC. 
Figure 8.5 : Photograph of swollen PAMPS gels prepared at -8 oC (left) and at -10 
oC (right). The equilibrium swollen diameters of the gels are 10.02 and 
4.70 mm respectively. 
8.2.1.2 Elastic properties of PAMPS gels   
The uniaxial compression measurements were performed on gels after equilibrium 
swelling in water.  In Figure 8.6, the modulus G of the equilibrium swollen gels is 
shown as a function of  Tprep.  It is seen that, similar to the swelling properties, the 
elastic properties of the gels also change abruptly at Tprep = -8 oC.  Gels prepared at 
or above -8 oC were soft and exhibit moduli of elasticity in the range of 100-1000 Pa, 
while a ten fold increase in the modulus was observed for the gels formed below -
8oC.  Thus, the elasticity results indicate that the mechanical performance of PAMPS 
gels can further be improved by conducting the gelation reactions below -8 oC.   One  
interesting point shown in Figure 8.6 is that the decrease in elastic modulus as Tprep is 
further decreased.  This is probably due the decrease of crosslinking efficiency by 
reducing the polymerization temperature so that the gels formed at lower 
temperatures exhibit lower modulus of elasticity.  
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Figure 8.6 : The elastic modulus G of equilibrium swollen PAMPS gels shown as a 
function of  Tprep. 
8.2.1.3 Morphology of PAMPS gels   
The interior morphologies of the dried gel samples were investigated by SEM and by 
optical microscopy.  SEM analysis of PAMPS networks formed below –8 oC 
revealed the presence of discontinuous morphologies.  In the SEM micrographs in 
Figure 8.7, the microstructure of the network formed at Tprep = –8 and -10oC are 
given.  It is seen that the network formed at –8 oC exhibits a continuous morphology 
while that formed at –10 oC have a porous structure.  Thus, the abrupt change in 
swelling, elasticity and physical appearance of the gels at Tprep = –8 oC is reflected 
with the difference in the internal morphology of the gel networks.  All the gel 
networks prepared at Tprep < –8 oC were porous with a honeycomb structure, whereas 
those prepared above –8 oC have a non-porous structure.   
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Figure 8.7 : The SEM images of the PAMPS gels formed at -8 oC (A) and -10 oC 
(B). Scaling bar is 100 µm. 
Figure 8.8 shows SEM images of PAMPS networks formed at various Tprep between 
–22 oC and –8 oC.  SEM micrographs of radial cross sections reveal macropores of 
30-50 µm  in sizes surrounded by dense gel walls of 4 –5 µm.  Although the 
geometry and size of the pores are irregular, one can identify regular assembly of 
polyhedral pores forming junctions with angles of about 120o.  This type of a 
microstructure is distinctly different from the macroporous networks formed by 
reaction–induced phase separation mechanism, where the structure looks like 
cauliflowers and consists of aggregates of various sizes [116]. 
  
  
Figure 8.8 : SEM images of PAMPS networks formed at  Tprep = -24 oC (A), -22 oC 
(B), -20 oC (C), -18oC (D), -10 oC (E) and -8 oC (F).  The scaling bar is 
10µm. 
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The formation of polyhedral pores in gels may be explained as follows:  During 
freezing of water into ice, hydrogen bonding between individual water molecules 
first yields a disordered three-dimensional hydrogen-bond network.  The “water 
network” contains five-, six-, and seven-membered rings composed of water 
molecules held together by the hydrogen-bonds.  In this stage of freezing, the life 
time of hydrogen-bonds is about 2 ns compared to 1 ps for the life time of hydrogen-
bonds in liquid water at 27 oC.  After this stage, a polyhedral structure grows slowly 
and finally fixes its position.  Finally, six-membered rings, which percolate through 
the entire three-dimensional space of the system, will form.  Moreover, as water in 
the reaction system freezes, the polymer network deforms locally by stretching the 
network chains around the ice crystals.  The polymer chains can deform easily to 
allow the morphology to develop.  Moreover, the total surface energy of ice crystals 
is minimized by coming of the crystals together, forming four ice crystals in contact 
with angles of 120o where the forces of interfacial tension balance [158]. 
The internal morphology of the gels was also investigated by optical microscopy.  
Figure 8.9 shows the porous (A) and non-porous morphologies (B) of the PAMPS 
network prepared at -22 oC and +22 oC. It should be noted that the main advantage of 
the use of the optical microscopy in the analysis of the gel structure is that the 
morphology of the gels can be observed both in the swollen and dried states.  
Moreover, by using the image analyzing system the pore size in gels can precisely be 
calculated by measuring the diameter of individual pores.  Although SEM technique 
provides better resolution of the structural details, distortion of the gels during their 
drying process changes the morphology of the networks.  In order to have more 
reliable microphotographs of the interior morphology of the gels, Environmental 
Scanning Electron Microscopy (ESEM) can also be used which allows the 
examination of the hydrated samples in their swollen states [159].  
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Figure 8.9 : Optical microphotographs of gels prepared at –22 oC (A) and at +22 oC (B) 
obtained in their swollen states.  Scaling bar is 50 µm. 
8.2.1.4 Deswelling-swelling kinetics of PAMPS gels  
PAMPS gels formed at various Tprep were subjected to swelling and deswelling 
processes in water and in acetone, respectively.  Typical results are shown in Figure 
8.10 where the weight swelling ratio qw,t, mentioned in section 7.4, is plotted against 
the time of swelling or deswelling.  Completely reversible swelling-deswelling 
cycles were obtained using gel samples prepared below –8 oC.  However, those 
formed at higher temperatures were too soft in their swollen states in water; during 
the first deswelling process in acetone, they were broken into several pieces so that a 
cycle cannot be completed.  
Gels formed below –8 oC attain their equilibrium swollen and collapsed volumes in 
less than 30 s and in 15 min, respectively, while those formed at higher temperatures 
require about hours to reach their equilibrium state in water.  The accelerated 
swelling and deswelling rates below Tprep = –8 oC is due to the formation of a porous 
structure, which increases the internal surface area of the networks so that the contact 
area between the solvent and the polymer increases.  As mentioned before, the 
connectivity of pores plays a crucial role in fast swelling and deswelling of the gels 
formed below –8 oC; water or acetone can enter or leave the gels through the 
interconnected pores by convection.  In contrast, the swelling and deswelling of the 
gels formed at higher temperatures are controlled by the diffusion of the solvent 
molecules through the gel network which is a slow process.   Thus, decreasing Tprep 
below –8 oC results in the formation of superfast responsive PAMPS cryogels, which 
are also stable against the volume changes.  
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Figure 8.10 : Swelling and deswelling kinetics of PAMPS gels in water and in 
acetone, respectively Tprep = –22 (z),–18 (S), 0 (U), and 25 oC (c). 
An interesting point of the present results appears if one compares the swelling rates 
of the gels with those reported in the literature.  Although several polymerization 
techniques were used before successfully to increase the deswelling rate of gels, the 
reswelling rate of the collapsed or dry gels cannot be improved; generally, such gels 
required tens to hundreds of minutes to attain the equilibrium swollen state in water 
[160, 161].  This slow reswelling rate of gels reported in the literature is mainly due 
to the collapse of their porous structures because of the cohesional forces between 
the solvated polymer chains.  Here, however, it was shown that all the gels formed 
below –8 oC swell within seconds.  This is due to the stable pore structure which 
cannot collapse during drying or during deswelling, as well as due to the large water 
channels (pores) which enable diffusion of water in the gel network.    
8.2.1.5 Theoretical predictions for the dependence of the porosity of cryogels on 
Tprep  
As mentioned above, the occurrence of polymerization and crosslinking reactions 
below the freezing point of the reaction system is due to the presence of unfrozen 
regions in which the reactions proceed.  Thus, even when cooled below bulk freezing 
temperature, some water in aqueous solutions remains unfrozen.  The amount of the 
unfrozen water depends on the temperature and on the amount and type of the solute 
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in the solution.  Assuming a thermodynamic equilibrium condition between the ice 
and the gel phases at Tprep, the relationship between the polymer concentration in the 
unfrozen gel phase and the temperature can be  given by [158]: 
( )[ ]22122220 5.01ln11 νννχννν fVHRTT ecff −+++−∆−=  (8.1) 
where Tf  is the freezing temperature of water confined in a network of polymer 
chains,  ∆Hc is the molar enthalpy of fusion of pure ice and 0fT  is the normal 
freezing point of pure water. Note that the polymer volume fraction v2 relates to the 
polymer concentration Cp in the unfrozen reaction zone (in w / v %) by 
Cp  =  ν2 ρ 102 (8.2) 
Further, assuming complete monomer conversion, the volume fraction of ice in the 
reaction system ƒice can be calculated as  
p
ice C
Cf 01 −=  (8.3) 
Calculations using above equations for various cross-link densities ve show that the 
effect of the gel elasticity on the freezing-point depression is negligible [158].  
However, the gel preparation temperature Tprep has an important effect on the 
freezing characteristics of the reaction system.  For example, during the 
polymerization at an initial monomer concentration of C0 = 5% and at Tprep = –22, –
10, and –5oC, the respective polymer concentrations in the reaction zones are 30.6, 
13.5, and 6.7%, while the ice fractions, i.e., the porosities of the resulting networks 
after thawing, are 0.84, 0.63, and 0.25, respectively.  Thus, the lower the Tprep, the 
higher is the polymer concentration in the reaction zones and the larger ice fraction. 
8.2.2 Effect of the ionic group content of the network chains  
As shown in the previous section, at temperatures Tprep below –8 oC, one obtains 
PAMPS cryogels with superfast swelling-deswelling behavior.  It should be pointed 
out that the dimension of the pores in such gels is an essential factor affecting their 
performance.  The pore size and the thickness of the pore walls should be adjusted 
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properly to fit each type of application.  One strategy to regulate the pore size is to 
adjust the charge density of the network. 
In order to investigate the effect of the charge density of the networks on the pore 
structure of the gels, non-ionic AAm units were introduced into the PAMPS network 
chains at various amounts.  For this purpose, the copolymerization of AMPS and 
AAm was conducted at a monomer concentration of 5 w/v % but at various 
comonomer feed ratios.  The crosslinker content was 3 mol % and Tprep was set to –
22 oC.   
Figure 8.11 shows SEM images of the networks formed at various ionic comonomer 
AMPS contents.  At 70 and 90 mol % AMPS (Figure 8.11A and 8.11B), the 
morphologies are similar to those of PAMPS gels formed at –22 oC.   At 0 mol % 
AMPS, shown in Figure 8.11 C, the  network  consists  of spherical  pores  of  sizes 
100–120 µm,  much larger than those in PAMPS networks.  In addition to these large 
pores, small pores of sizes 20-30 µm also exist in this network.  This kind of 
morphology is probably a result of the initial non-isothermal period of the reaction 
during the gel formation process.   
 
  
Figure 8.11 : SEM images of AMPS-AAm networks formed at  Tprep = –22 oC.  
AMPS mol % = 70 (A), 90 (B), and 0 (C).  The scaling bar is 100 µm.  
The equilibrium swelling ratios Veq of the gels are shown in Figure 8.12A as a 
function of the AMPS content.  Increasing AMPS content increases the swelling 
capacity of gels.  This is because of the osmotic pressure exerted by the increasing 
number of counterions (Na+) in the network chains.  
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Figure 8.12 : (A): Equilibrium swelling ratios Veq of the gels shown as a function of 
the AMPS content.  (B): Initial swelling period of PAMPS networks 
shown as the dependence of the weight swelling ratio qw on the 
swelling time. NaCl %= 0 (z), 5 (O) and 10 (S). NaCl contents of the 
reaction mixtures are also indicated in the figure.  
8.2.3 Effect of low molecular salts  
In addition to the charge density effect, the presence of low molecular weight salts 
during cryogelation may also affect the microstructure of the gels.  This is due to the 
fact that, the addition of salts into the reaction system will decrease the bulk freezing 
temperature of the reaction system so that the volume of non-frozen solution will 
increase, which would lead to gels  with different morphologies.   
To investigate the effect of low molecular weight salt on the gel morphology, a series 
of PAMPS gels were prepared at 5 w/v % monomer concentration in the presence of 
various amounts of NaCl.  The crosslinker (BAAm) content was 17 mol % and Tprep 
was fixed at -22 oC.  Preliminary experiments showed that, as the NaCl content in the 
monomer mixture is increased from 0 to 10 w/v %, the freezing time of the reaction 
mixture at -22 oC increases from 5 to 35 min while their gelation times (at 0 oC) 
remained constant (5 ±  1 min).   
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Figure 8.13 : SEM of PAMPS gels prepared in the presence of 0 (A), 5 (B), and 10 
w/v % NaCl (C).  Tprep = -22 oC.  The scaling bar is 100 µm. 
Figure 8.13 shows SEM images obtained from PAMPS networks prepared in the 
presence of 0 (A), 5 (B) and 10 w/v % NaCl (C).  As the salt content in the reaction 
mixture is increased, the pore size decreases from 30–50 µm to 10-20 µm.  Thus, 
adding NaCl into the polymerization system reduces the pore size in PAMPS gels.  
Figure 8.12B shows the swelling behavior of PAMPS gels prepared at various NaCl 
concentrations.  Although the gels formed in the presence of NaCl were stable 
against the volume changes as those formed without NaCl, their swelling time in 
water increased from less than 1 min to 5 min, probably due to the decreasing size of 
the pores (Figure 8.12B). 
8.2.4 Effect of the initial monomer concentration 
In this section, the crosslinking reactions of AMPS and BAAm were carried out by 
varying the initial monomer concentration Co over a wide range between 0.1 w/v % 
and 15 w/v %. The cryogels and hydrogels were prepared at Tprep = -22 oC and +25 
oC respectively.  The crosslinker BAAm content was set to 17 mol %.  
After one day of the reaction time at –22 oC, gravimetric measurements showed 
formation of an insoluble polymer network even at Co = 0.1 %.   However, gelation 
reactions conducted at 25 oC required at least an initial monomer concentration of 5 
% to obtain a crosslinked polymer.  Thus, the critical monomer concentration for the 
onset of gelation is much lower for gelation reactions conducted at –22 oC compared 
to those at +25 oC.  These results suggest that reducing Tprep below the bulk freezing 
temperature of the reaction system accelerates the intermolecular crosslinking 
reactions and in accord with the observations of Lozinsky et al [21].  They also found 
that, in AAm–BAAm copolymerization, the critical concentration for gelation at –10 
oC is twice lower than that at 20 oC. 
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Figure 8.14 : The gel fraction Wg (circles) and the elastic modulus G (triangles) of 
equilibriumswollen PAMPS cryogels (filled symbols) and hydrogels 
(open symbols) shown as a function of the initial monomer 
concentration Co. 
Figure 8.14 shows the weight fraction of gel Wg  and the modulus of elasticity of 
swollen gels G plotted against the initial monomer concentration Co.  Filled and open 
symbols represent data obtained from the cryogels and the hydrogels, respectively.  
Since the cryogels formed below Co = 2.5 % were too weak to withstand the 
characterization tests, only data in the range of Co = 2.5 – 10 % are shown in the 
Figure.  The gel fraction Wg is higher than 80 % for all the networks prepared in this 
study, indicating the high efficiency of the crosslinking reactions, even at –22 oC.  Wg 
of cryogels increases from 0.8 to unity with increasing monomer concentration, 
while a complete conversion of the monomers to the crosslinker polymer was 
obtained for all the hydrogels.  The moduli of elasticity G of gels are in the range of 
102 - 105 Pa; as expected, G is an increasing function of Co due to the simultaneous 
increase of the concentration of the network chains.  Figure 8.14 also shows that the 
cryogels exhibit larger moduli than the corresponding hydrogels.  
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Figure 8.15 : (A): The equilibrium weight (qw) and volume swelling ratios (qv) of 
the cryogels (filled symbols) and the hydrogels (open symbols) shown 
as a function of the monomer concentration Co.  qw and qv data are 
shown by triangles and circles, respectively.  (B): The swollen state 
porosity Ps of the cryogels (filled symbols) and the hydrogels (open 
symbols) is shown as a function of the monomer concentration Co. 
In Figure 8.15A, the equilibrium weight (qw) and the volume swelling ratios (qv) of 
the cryogels (filled symbols) and the hydrogels (open symbols), measured using 
separate techniques, are shown as a function of the monomer concentration Co.  qw 
and qv data are shown in the Figure by triangles and circles, respectively.  For the 
hydrogels, both qw and qv equal to 25 – 50 and slightly decreasing function of the 
monomer concentration.  However, for the cryogels, qw is much larger than qv and, 
the difference between qw and qv is increasing with decreasing Co; at Co = 2.5 %, 
cryogel swells about 30-fold more by weight than by volume.   
As explained in section 7.5, relative values of the weight and volume swelling ratios 
provide information about the porosities of gels.  From the data given in Figure 
8.15A, the swollen state porosities Ps of the networks were calculated using Equation 
(7.13).  The results are given in Figure 8.15B as a function of the monomer 
concentration Co.  For the cryogels, the swollen state porosity Ps is close to 100 % at 
Co = 2.5 % and is slightly decreasing with the monomer concentration.  However, 
swollen state porosities of the hydrogels are considerable lower than those of the 
cryogels.   
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SEM analysis of the dried hydrogels revealed the presence of a continuous 
morphology, independent of the monomer concentration.  This is also illustrated in 
Figure 8.16A, where the SEM image of a dried hydrogel network formed at Co = 5 % 
is shown at a magnification of 200 times.  It seems that the pores existing in the 
swollen hydrogels totally collapse during their drying process.  However, 
bicontinuous morphology was observed in all SEM pictures of the cryogels.  In the 
scanning electron micrograph in Figure 8.15B, the microstructure of the dried 
cryogel formed at Co = 10 % is given.  One can identify regular assembly of 
polyhedral large pores of sizes 102 µm   together with small pores of sizes 101 µm   
locating in the walls of the large pores.   
 
Figure 8.16 : SEM of PAMPS networks formed at   Tprep = 25oC (A) and –22 oC (B).  
Co = 5 (A) and 10 w/v % (B).  The scaling bar is 100 µm.   
Figure 8.17 shows SEM images of dried cryogels formed at various monomer 
concentrations Co  between 2.5 and 10 %.   All the polymer samples have a porous 
structure with pore sizes of 100 -102 µm.  The higher the initial monomer 
concentration, the larger the pores and the thicker the pore walls.  It is also seen that 
the pores become increasingly regular as the monomer concentration is increased.  
One may expect that, at a low monomer concentration, the pore walls are too weak 
so that the pores are more or less fused together to form irregular aggregates [162, 
163].     
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Figure 8.17 : SEM of PAMPS networks formed at  Tprep = -22oC.  Co = 2.5 (A), 5 
(B), 7.5 (C), and 10 w/v % (D).  The scaling bars are 500 µm. 
PAMPS hydrogels and cryogels formed at various Co were subjected to swelling and 
deswelling processes in water and in acetone, respectively.  Typical results are 
shown in Figures 8.18A and 8.18B for the cryogels and the hydrogels, respectively.  
Here, the relative gel mass mrel is plotted against the time of swelling or deswelling. 
Complete reversible swelling-deswelling cycles were obtained using cryogel samples 
formed between Co = 2.5 and 10 %.  However, hydrogels formed below Co = 10 % 
were too soft in their swollen states in water; during the first or second deswelling 
processes in acetone, they were broken into several pieces so that a cycle cannot be 
completed.     
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Figure 8.18 : Swelling and deswelling kinetics of the cryogels (A) and the 
hydrogels (B) in water and in acetone, respectively, shown as the 
variation of the relative gel mass mrel with the time of swelling or 
deswelling. Co = 2.5 (U), 5 (z), 7.5 (c), and 10 w/v % (S).   
Figures 8.19A and 8.19B show the initial stages of swelling and deswelling 
processes of gels in water and in acetone, respectively.  Filled and open symbols are 
data obtained from cryogels and hydrogels, respectively.  It is seen that the swelling 
response rate of the collapsed cryogel to a solvent quality change from acetone to 
water occurs much more rapidly than the response rate of the collapsed hydrogel.  
The collapsed cryogels attain their equilibrium states in water in less than 1 min, 
while the hydrogels require about 10 min to reach their equilibrium states.  Further, 
the deswelling of the cryogels in acetone also occurs much faster than the hydrogels.  
Thus, the drastic difference of the network microstructure between the cryogels and 
hydrogels is also reflected by the dynamic swelling tests of the gel samples.  The 
two-phase morphology created in the gel network provides a mechanical stability 
against the volume changes as well as superfast responsive properties.  The results 
also show that the cryogels formed above 5 % monomer concentration deswells in 
acetone much more rapid than the cryogels formed in more dilute solutions.  These 
results can be explained with increasing porosity of cryogels with increasing initial 
monomer concentration Co.  The porous structure in cryogels formed at Co  ≥  5 % 
allows an easy diffusion of water molecules outside of the gel phase. 
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Figure 8.19 : The initial period of swelling (A) and deswelling (B) processes of the 
cryogels (filled symbols) and the hydrogels (open symbols) in water 
and in acetone, respectively.  Co = 2.5 (z, c), 5 (S, U), 7.5 (T, 
V), and 10 w/v % (, ).   
8.2.5 Effect of the temperature history during the polymerization reactions at 
subzero temperatures  
In the previous sections, we showed that the internal morphology strongly depends 
on the synthesis parameters such as the temperature, monomer concentration.  The 
main experimental parameter was found to be the gel preparation temperature Tprep at 
which the reaction system should be in an apparently frozen state to obtain cryogels.  
However, as also mentioned in Section 8.2.1, since the polymerization initiator 
should be added into the monomer solution before the freezing of the reaction 
system, i.e., at 0 oC or above, the polymerization and crosslinking reactions proceed 
non-isothermally from the moment of the initiator addition to the moment when the 
temperature of the reaction system reaches to Tprep.   For example, at Tprep = -18 oC, 
1.5 mL of an aqueous 5 w/v %  solution of AMPS  and BAAm in a glass tube of 4 
mm in diameter freezes  in 15 min, while the onset of gelation at a crosslinker 
content of 1.25 mol % occurs within 20 min.  Thus, gelation reactions occur non-
isothermally during the cooling period from 0 to –18 oC.  Moreover, the lower the gel 
preparation temperature Tprep, the shorter the time period until the freezing 
temperature of the reaction solution is reached.  This means that the experimental 
parameter Tprep actually corresponds to the freezing rate of the reaction system.  One 
may expect that, conducting gelation reactions under isothermal conditions would 
facilitate homogeneous nucleation of ice crystals so that the polymer network formed 
will exhibit monodisperse pores [130].  Further, isothermal gelation would also 
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provide formation of porous structures at a temperature close to the freezing point of 
the reaction system.  
In order to conduct the cryogelation reactions under isothermal conditions  two 
strategies were applied:  
i) Low temperature quenching: Before the onset of the polymerization and 
crosslinking reactions, the reaction system was precooled to –196 oC in liquid 
nitrogen and then, the system was transferred into a cryostat at the desired Tprep.  The 
reactions before reaching Tprep were too slow so that a near isothermal condition can 
be provided.  
ii) Delayed gelation using inhibitors: Hydroquinone (Hq) as the polymerization 
inhibitor was included into the reaction solutions to shift the onset of the reactions 
behind the onset of the  freezing of the reaction system. 
These two strategies were applied to AMPS-BAAm reaction system in aqueous 
solutions.  The initial monomer concentration and crosslinker content was fixed at 5 
w/v% and 17 mol%, respectively.   
8.2.5.1 Precooling of the reaction solution before cryogelation  
After addition of the APS initiator at 0 oC, the aqueous reaction solution of AMPS 
and BAAm was immediately immersed in liquid nitrogen (-196 oC) for 30 min. 
before transferring into a thermostated bath at the desired subzero temperature Tprep 
between -25 and 20 oC.  To illustrate the effect of precooling, the gels were prepared 
both with and without precooling of the reaction solutions.  The gels thus obtained 
are called as I-gels (isothermal gels), and N-gels (usual gels), respectively.   
In the range of Tprep between -8 and -2 oC, the precooling step prior to the gelation 
reactions significantly affected the properties and the microstructure of the 
hydrogels.   For example, the images denoted by (A) and (B) in Figure 8.20 were 
taken from equilibrium swollen N- and I-gel samples, respectively, both prepared at 
Tprep = -2 oC.  Although the initial diameters of both gel samples after their 
preparation were the same (4.3 mm), the swollen volume of N-gel is about 10-fold 
larger than the volume of I-gel.   Further, the N-gel was transparent while the I-gel 
was opaque, both after preparation and after equilibrium swelling in water.  The 
magnified images of the equilibrium swollen gel samples taken from the optical 
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microscope also illustrate the structural differences between the two gel samples 
(Figure 8.20).   While the N-gel is homogeneous in the swollen state, the I-gel 
exhibits a discontinuous morphology consisting of solvent and gel domains. 
Figure 8.20 : Images of swollen PAMPS gel samples taken from the optical 
microscope.  The gels were prepared without (A) and with precooling 
of the reaction solution (B).  Tprep = -2 oC, The scaling bars are 1mm 
and 100 µm  for the upper and lower figures. The initial diameters of 
the gel samples were 4.3 mm. In their swollen states, the diameters 
were 9.80 mm (A) and 4.65 mm (B).    
In Figure 8.21, the equilibrium volume swelling ratio Veq and the modulus of 
elasticity G of swollen hydrogels are shown as a function of the gel preparation 
temperature Tprep.   Filled and open symbols represent data points obtained from I- 
and N-gels, respectively.  Above a critical gel preparation temperature Tf, shown in 
the figure by the dotted vertical lines, both N- and I-gels exhibit a high swelling ratio 
 92
of the order of 101  and a low modulus of elasticity of less than 1 kPa.  In this range 
of Tprep, the gels obtained were transparent and appeared homogeneous to eye.  The 
swelling capacity of the hydrogels rapidly decreases and the modulus of elasticity 
rapidly increases as Tprep is decreased below Tf.  The gels obtained below Tf   were 
opaque, indicating that these gels are heterogeneous with separate domains in a 
spatial scale of submicrometer to micrometer.  Figure 8.21 also shows that, the Tf  
values are -9 ± 1 oC, and -1 ± 1 oC, for N- and I-gels, respectively.  This indicates 
that the precooling of the reaction solution shifts Tf  to a temperature close to the 
freezing point of water.  Another point shown in Figure 8.21 is that the elastic 
modulus of I-gels prepared below -10 oC is much lower than that of N-gels.  This is 
an indication of the reduced rate of the crosslinking reactions during the formation of 
I-gels.  Thus, network build-up process seems to take place mainly during the non-
isothermal period between 0 oC and Tprep, so that the I-gels prepared with precooling 
exhibit a lower modulus of elasticity than the N-gels. 
  
Figure 8.21 : The equilibrium volume swelling ratio Veq and the elastic modulus G 
of equilibrium swollen PAMPS hydrogels shown as a function of the 
gel preparation temperature Tprep.  Filled and open symbols represent 
data obtained from I- and N-gels, respectively. The dotted lines 
represent temperatures Tf, below which the hydrogels become opaque.  
Figure 8.22 shows SEM images of PAMPS networks prepared at various Tprep with 
(left column) and without precooling (right column) of the reaction solution.  It is 
seen that, below Tf, the network samples obtained without precooling exhibit 
polyhedral pores of sizes 101 mm.  However, the regularity of the pores was 
destroyed if a precooling step is included into the synthesis procedure.  One may 
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expect that, the collapsed pore structure of dried I-gels is due to their low modulus of 
elasticity (Figure 8.21).  Since the polymer matrix is mechanically weak, it collapses 
during drying of the hydrogels so that the pore structure partially disappears.  
However, as Tprep approaches to Tf, the pores in the network became more visible in 
the SEM images, indicating that the extent of the pore collapse decreases due to the 
increasing elastic modulus of I-gels.  At or above Tprep = -8 oC, the networks obtained 
without precooling were non-porous while those obtained with precooling exhibited 
a porous structure up to Tprep = 0 oC.  Thus, the precooling step prior to the gelation 
reactions provides formation of porosity in the gel network at temperatures close to 
the freezing point of the reaction system [164].   
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Figure 8.22 : SEM of PAMPS networks prepared with (left column) and without 
precooling (right column).  The gel preparation temperatures Tprep are 
indicated in the Figures.  The scaling bars are 100 µm.  Magnification 
= x100.  
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Swelling and deswelling kinetics of both N- and I-gels prepared at various 
temperatures were investigated in water and in acetone, respectively.  Both gels 
prepared below Tf exhibited fast response rate against the solvent changes, as 
mentioned in previous sections.  However, distinct differences were observed in the 
gel samples prepared between Tprep = -8 and -2 oC.  For example, the swelling - 
deswelling cycles of I- and N-gels formed at Tprep  = -2 oC are shown in Figure 8.23A 
by the filled and open circles, respectively.  Here, the relative weight swelling ratio 
mrel is plotted against the time of deswelling in acetone and  reswelling in water.   
The I-gel deswells in acetone within 15 min while it re-swells in water within 1 min 
to attain its original mass.  The deswelling-swelling cycles of I-gel samples were 
repeated many times without a change in the behavior shown in the figure.  Further, 
the cycles were also reproduced using I-gel samples of various sizes.  In contrast to 
the fast responsive behavior of the I-gel, the N-gel formed at the same temperature 
was too weak in its swollen state to withstand the volume changes; during the first 
deswelling process in acetone, it was broken into several pieces so that a cycle 
cannot be completed.  The time period during which the gel sample breaks down 
during deswelling is shown in the figure by the arrow.  To compare the re-swelling 
behavior of both I- and N- gels formed at Tprep  = -2 oC, the swelling of the gels was 
investigated in water starting from their dry states.  The results are shown in Figure 
8.23B in terms of the weight swelling ratio qw,t  of the I-gel (filled symbols) and the 
N-gel (open symbols) plotted against the swelling time in water.  The times to attain 
the equilibrium states in water are 0.2 min and 20 min for I- and N-gel samples, 
respectively.  The results clearly show the fast responsive behavior of the gels 
created using the precooling step of the gelation reactions.   
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Figure 8.23 :  (A):  The relative weight swelling ratio mrel of PAMPS gels obtained 
at Tprep = -2oC shown as a function of the time of deswelling in 
acetone and re-swelling in water.  Filled and open circles represent  
mrel data of I- and N-gels, respectively. N-gel breaks down during 
deswelling as indicated by the arrow.  (B):  The weight swelling ratio 
qw,t (mass of gel at time t/mass of dry network) of I-gel (filled 
symbols) and N-gel (open symbols) plotted against the deswelling 
and swelling times in acetone and water, respectively. Tprep  = -2 oC.   
8.2.5.2 Inhibition of the reaction solution before the cryogelation  
Another approach to conduct the cryogelation reactions under isothermal conditions 
is the polymerization in the presence of a polymerization inhibitor.  The AMPS-
BAAm reactions were carried out in the presence of hydroquinone  at various 
amounts between 0 and 0.3 w/w% (with respect to the mass of the monomer) and at a 
gel preparation temperature Tprep of  -22 oC. 
In Figure 8.24, the gelation times in AMPS-BAAm copolymerization system at Tprep 
= -22 oC, are plotted against the Hq content of the reaction solutions.  The dotted 
horizontal line represents the freezing time.  It is seen that, the gel point is shifted 
towards longer reaction times as the amount of Hq is increased.  The gelation in 
AMPS-BAAm reaction system occurs beyond the freezing point, even in the absence 
of Hq.    
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Figure 8.24 : The gelation times plotted against the Hq content of the reaction 
solutions.  The dotted horizontal line indicates the freezing time. 
The swelling characteristics of  PAMPS gels remained unchanged by the addition of 
Hq up to 0.3 %.  However, as seen in Figure 8.25, the elastic moduli of swollen 
PAMPS gels decrease with the addition of 0.1 % Hq but then, they remain constant 
as the Hq content is further increased.   
 
Figure 8.25 : The elastic modulus G of equilibrium swollen PAMPS gels shown as 
a function of the Hq concentration.   
Hydroquinone  w/w %
0.0 0.1 0.2 0.3
G
el
at
io
n 
tim
e 
 / 
m
in
0
20
40
60
80
100
 98
Figure 8.26 shows typical SEM images of PAMPS networks prepared at Tprep = -22 
oC with and without addition of Hq inhibitor.  From several SEM images, the 
average diameter of the pores was calculated as 45 ± 5 µm, which was independent 
on the Hq content of the reaction solution.  Both the size and the shape of the pores 
remained unchanged while the regularity of the pore structure in PAMPS networks 
slightly increased with the addition of Hq.   
The swelling and deswelling kinetics of hydrogels were also investigated as a 
function of Hq concentration.  No substantial change in the response rate of the 
hydrogels was observed.  The swelling-deswelling cycle of the hydrogel samples was 
similar to the cycle of the I-gel shown in Figure 8.23.  
 
Figure 8.26 : SEM of PAMPS networks formed at Tprep = -22oC with and without 
Hq inhibitor.   The scaling bars are 100 µm.  Magnification = x100.   
8.2.6 Effect of the type of monomer  
In this part of the study, the effect of the type of the monomer used in the preparation 
of the cryogels on their properties was investigated.  For this purpose, the same 
cryogelation procedure was applied by replacing AMPS with AAm monomer.  
PAAm cryogels with unique elastic properties and open porous structures were 
prepared from AAm monomer and BAAm crosslinker in frozen aqueous solutions.  
The gel preparation temperature Tprep was varied between -25 oC and +25 oC while 
the initial monomer concentration Co and the crosslinker content was fixed at 5 w/v 
% and 1.25 mol %, respectively.  
As mentioned above, the cryogelation reactions proceeds in unfrozen regions in the 
apparently frozen reaction system.  To demonstrate that some water in the reaction 
system remains unfrozen even when cooled below the bulk freezing temperature, 
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DSC measurements with frozen gel samples were conducted as explained in Section 
7.6.   It was found that the apparently frozen gel samples between -10 and -24 oC 
contain non-freezable water.  The mass fraction of non-freezable water, fH20, was 
found to be 0.06 ±  0.03, indicating that about 6 % of water in the gels which are 
bound to the polymer chains remains unfrozen even at –24 oC.  Thus, it was proved 
that the reactions only proceed in these unfrozen zones and lead to the formation of a 
polymer network with macroporous channels [165].   
PAAm gels were subjected to elasticity measurements using compression tests.  In 
Figure 8.27, the elastic moduli G of the equilibrium swollen hydrogels in water are 
plotted against  Tprep.  Depending on Tprep, two different regimes can be seen.  At 
Tprep = -6 oC or above, the gels exhibit a relatively low modulus of elasticity around 
1500 Pa.   However, decreasing Tprep below -6 oC results in a fourfold increase in the 
elastic modulus of gels.  The transition between the two regimes is shown in the 
figure by the vertical dashed line.  Moreover, the gels formed at or above –6oC were 
transparent while those formed at lower temperatures were opaque, indicating that 
these gels have separate domains in a spatial scale of submicrometer to micrometer. 
Thus, the gel properties drastically change as Tprep is decreased below –6 oC. Figure 
8.27 also shows that, for Tprep below –6 oC, the elastic modulus decreases as the 
temperature is further decreased.  This is probably due to the decrease of the 
crosslinking efficiency by reducing the polymerization temperature so that the gels 
formed at lower temperature exhibit lower moduli of elasticity.  The elasticity results 
thus clearly show that replacing AMPS with AAm monomer does not change the 
temperature dependence of the elastic properties of cryogels.  
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Figure 8.27 : The elastic modulus G  of equilibrium swollen PAAm gels shown as 
functions of the gel preparation temperature Tprep..      
As a result of the presence of large pores surrounded by dense polymer-pore walls 
which provide structural support to the material, PAAm cryogels are highly elastic 
and have a sponge-like morphology, as also reported by Arvidsson et al [23].  As 
shown in Figure 8.28, they can easily be compressed between fingers to remove 
water accumulated inside the pores without being mechanically destructed. The 
unique high mechanical stability of PAAm cryogels is caused by the fact that their 
pore walls are formed from a highly concentrated polymer phase.  Due to the large 
interconnected pores, the water remains inside the pores due to the capillary forces 
making the gels ‘‘drainage-protected’’.  Thus, PAAm cryogels are mechanically 
strong and exhibit a high degree of toughness due to the elasticity of polymer walls 
in between macropores. 
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Figure 8.28 : Equilibrium swollen and  squeezed  PAAm cryogels. The diameters 
of the gels are indicated in the figure. 
In Figure 8.29, the swelling ratios wq  and vq  of the gels are shown as functions of 
Tprep.  For the hydrogels formed at or above –6 oC, both wq  and vq  equal to 20 - 23, 
and they are independent of Tprep.  However, as Tprep is decreased below -6 oC, the 
volume swelling ratio rapidly decreases and at Tprep < -10oC, the cryogels swells 
about 6-fold more by weight than by volume.  As explained  above, these results 
suggest appearance of pores in the cryogel matrices prepared at Tprep < –6 oC.    
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Figure 8.29 : The equilibrium weight (qw, filled symbols) and the equilibrium 
volume swelling ratios (qv, open symbols) of the hydrogels shown as 
functions of the Tprep.   
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The gels formed at subzero temperatures exhibited significant porosities. The 
porosity results are shown in Figure 8.30 by the open circles plotted against Tprep.  
The swollen state porosity Ps is about 30 % for the gels formed at Tprep ≥  -6 oC while 
it rapidly increases with decreasing Tprep below -6 oC and becomes close to 90 % at 
Tprep < -10 oC.  The filled circles in the figures represent the dry state porosities P of 
the networks calculated from the polymer densities according to the Equation (7.15).  
Interestingly, the two different techniques to estimate the porosity of the networks, 
namely one starting from the swelling ratios and the other from the polymer densities 
gave similar results.  The dry state porosity P is slightly lower than the swollen state 
porosity Ps, probably due to the partial collapse of the pores during drying.  For 
hydrogels prepared at or above –6 oC, dry state porosity is almost zero, i.e., the 
swollen state porosity totally disappears due to the collapse of the weak pore 
structure during drying.   
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Figure 8.30 : The swollen state porosity Ps (open circles) and the dry state porosity 
P of the networks (filled circles) plotted against the gel preparation 
temperature Tprep. 
Figure 8.31 shows the SEM micrographs of the microstructure of the networks 
formed at various Tprep.  All the polymer samples formed below –6 oC have a 
porous structure with pore diameters of 10–70 µm while those formed at or above –6 
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oC exhibit a continuous morphology.  At –10 oC, the pore walls seem to be too weak 
so that they are more or less fused together to form large aggregates. 
Figure 8.31 : SEM of PAAm networks formed at various Tprep indicated in the 
Figure. The scaling bars are 100 µm.  Magnification = x100. 
Figure 8.31 also shows that the largest pore size was obtained at Tprep = -18 oC while 
it decreases as Tprep is further reduced up to -24 oC.   To visualize the pores in PAAm 
cryogels, the network samples were also investigated by optical microscopy.  The 
variation of the pore size depending on Tprep is seen in Figure 8.32 where the images 
taken from the optical microscope are shown.  To characterize the pore structure, a 
large number of images (at least 30) taken from each network sample were analyzed 
using the image analyzing system. The average pore diameters were calculated as 60 
µm, 32 µm, and 22 µm for Tprep = -18, -20, and -22 oC, respectively.  Although the 
pore size varies depending on Tprep, the thickness of the pore walls was found to be 
constant at 4-5 µm. 
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Figure 8.32 : Images taken from the optical microscope of the network samples 
prepared at various Tprep indicated in the Figures. The scaling bar is 
50 µm.   
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PAAm gels thus obtained under various reaction conditions were subjected to 
swelling and deswelling processes in water and in acetone, respectively.  Typical 
results are shown in Figure 8.33 where the relative swelling ratio mrel is plotted 
against the time of deswelling or swelling for the three series of gels.  The filled 
symbols represent the cryogels formed at –18 oC under various reaction conditions 
while open symbols represent the hydrogels formed at 21 oC.  It is seen that all the 
gels prepared at –18 oC attain their equilibrium swollen and equilibrium collapsed 
states in less than 1 min and in 15 min, respectively, while those formed at higher 
temperatures require about 3 hours to reach their equilibrium state in water.  
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Figure 8.33 : Swelling and deswelling kinetics of PAAm gels in water and in 
acetone, respectively, shown as the variation of the relative weight 
swelling ratio mrel with the time of swelling or deswelling Tprep = -18 
oC (z) and + 21 oC ({). 
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Similar results were also found for all the cryogel samples prepared below -6 oC.  
Moreover, gels formed below –6 oC also exhibited completely reversible swelling-
deswelling cycles.    However, those formed at higher temperatures exhibited 
irreversible cycles.  For example, after the first deswelling process in acetone, the 
initial swollen mass of these hydrogels cannot be recovered in the following cycles 
(Figure 8.33).  The accelerating swelling and deswelling rates of gels prepared below 
Tprep = –6 oC is due to the formation of a porous structure in the networks, which 
increases their internal surface area so that the contact area between the solvent and 
the polymer increases.  Thus, decreasing Tprep below –6 oC results in the formation of 
superfast responsive PAAm cryogels.    
It should be pointed out that, although the collapsed cryogels prepared below –6 oC 
swell in water within one minute (Figure 8.33), the swelling of the same gels starting 
from their dry states occurred immediately.  For example, the pictures in the upper 
row of Figure 8.34 were taken during the swelling process of a gel sample.  Starting 
from the dry state, the gel attains its equilibrium swollen state in water within 4 s.  
Moreover, after swelling, if the gel sample is squeezed between the fingers 
completely (Figure 8.28), and immersed again in water, it swelled instantaneously.  
The relatively slower rate of swelling of collapsed gel in acetone compared to dry gel 
(swelling times 1 min compared to a few seconds) needs some comments: Since the 
swollen state porosities are about 90 % for all the low temperature gels, the swelling 
or deswelling of the gels occurs as the replacement of one solvent in the pores of the 
gel network with another one, accompanied by the stretching or shrinking of the 
network chains to assume equilibrium conformation with the solvent.  Since water is 
a good solvent for PAAm chains as well as due to the strong hydrogen bonding 
interactions between water and AAm segments of the network chains, filling of the 
pores with water occurs immediately. However, since acetone forms weak hydrogen 
bonds with the AAm units, replacement of water molecules bound to the pore walls 
with acetone molecules occurs more slowly.  As a consequence, swelling response 
rate of collapsed gel occurs much more rapidly than the reswelling response rate of 
the same gel starting from its swollen state.   
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The measurements of the swelling kinetics of all the gels were also conducted 
starting from their dry states.  Similar results such as those in Figure 8.34 were 
obtained for the gels formed below –6 oC.  All the cryogels attain the equilibrium 
state in water within a few seconds.  In contrast to this superfast swelling feature of 
the cryogels formed from frozen monomer solutions, hydrogels prepared at room 
temperature (Tprep = 21 oC) required about 2-3 h to attain the equilibrium swollen 
state starting from the dry state (lower row in Figure 8.34).  
Figure 8.34 : A series of photographs taken during the swelling process of PAAm 
networks.  The diameter of the gel samples together with the swelling 
times are given in the photographs.   Tprep = -18 oC (upper row) and + 
21 oC (lower row).   
8.2.7 Effect of the initial temperature of the polymerization  
As mentioned in the previous sections, cryogelation reactions usually start non-
isothermally and this initial non-isothermal period has significant effect on the 
cryogel properties.   In this section, the effect of the initial temperature of the 
polymerization Tini on the cryogel properties was investigated.  Experiments were 
carried out at Tprep = -18 °C and under the same experimental conditions as described 
in Section  6.3  except that the initiator APS was added to the reaction system at Tini 
= 0 and 21 °C .  
Significant changes in the cryogel properties were observed by decreasing Tini from 
21 to 0 °C.   The  modulus of elasticity of the swollen cryogels was decreased form 
30 to 13 kPa.  Further, an important improvement in the degree of toughness of the 
cryogels was observed by decreasing the initial temperature Tini.  Cryogels formed at 
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Tini = 0 °C were very tough and can be compressed up to about  100 %  strain  
without  any  crack  development  while  those  formed  at Tini =21°C  were fragile.  
This behavior is shown in Figure 8.35 where the stress f is plotted against the 
fractional deformation (deformed length / initial length, 1-α ) for gels formed using 
an initial temperature Tini of 0 °C (filled symbols) and 21 °C  (open symbols).    
Although the gels prepared at Tini = 21 °C  broke at a stress of 11 kPa and a strain of 
about 50 %, those prepared at Tini = 0 °C  did not break even at a strain of more than 
98 %.  
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Figure 8.35 : Stress – strain data of PAAm cryogels prepared in water at Tprep = -
18°C  as the dependence of f on fractional deformation 1- α. The 
initial temperature of polymerization Tini is indicated. The cryogel 
samples subjected to the mechanical tests up to complete compression 
were 16 mm in diameter and about 10 mm in length. 
Photographs in Figure 8.36 also demonstrate how the cryogel sample prepared at Tini 
= 0 °C  sustains a high compression.  As shown in the upper panel of Figure 8.36, the 
swollen cryogel prepared using Tini = 21 °C  fractured under relatively low 
deformation suggesting that cracks develop easily in the gel.  However, those 
obtained at Tini = 0 °C  remain mechanically stable up to complete compression 
(bottom panel of Figure 8.36).  Important point is that, as the cryogel is squeezed 
under the piston, it releases all its water so that it can completely be compressed.  
After the release of the load and, after addition of water, the sample immediately 
recovers its original shape. 
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Figure 8.36 : Photographs of PAAm cryogels formed at -18 °C during the 
compression tests. Tini =21 °C (upper panel) and 0°C (bottom  panel). 
Figure 8.37 shows SEM images of the networks prepared in water and at Tini = 0 °C  
(left) and 21°C (right).  It is seen that decreasing the initial temperature of 
cryogelation decreases the size of the pores in the network.  At the same time, the 
pore walls become thinner and a second generation of pores starts to appear with 
decreasing the initial polymerization temperature from 21 to 0 °C.   
Figure 8.37 : SEM images of PAAm network samples prepared at -18 °C in water. 
The initial temperature Tini is indicated. Magnification = x300. 
Scaling bars are 10 µm. 
As the initial polymerization temperature is decreased, a longer period of the 
reactions takes place in the frozen state, which slows down the crosslinking reactions 
and leads to a two-fold  decrease in the elastic modulus of the hydrogels.  Thus, the 
flexibility of the polymer making the pore walls increases by decreasing Tini so that 
the cryogel becomes mechanically stable even at very large deformation ratios.  
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Further, formation of relatively thin pore walls and the existence of a second 
generation of pores within the pore walls may also contribute the stability of the 
materials formed at a lower initial polymerization temperature. 
8.2.8 Effect of the type of solvent  
In this section, the effect of the type of the solvent used in the cryogelation reactions 
on the properties of the resulting gels was investigated.  In all previous sections, 
water was used as the polymerization solvent.  By replacing water with an organic 
solvent having different freezing point as well as different crystal structure, one 
could prepare gels with remarkably distinct pore shape and size.  For this purpose, 
the cryogelation reactions of AAm-BAAm system were conducted in DMSO instead 
of water.  Since the freezing point of DMSO is 18 °C, it would be possible to obtain 
a larger range of porosities in DMSO as the reaction solvent at much higher gel 
preparation temperatures.  However, preliminary experiments showed no gelation in 
DMSO solvent at gel preparation temperatures below 5 °C and over the range of the 
initial monomer concentration between 5 and 20 w/v %. 
In contrast, in DMSO-water mixtures (between 0 and 60% DMSO by volume), 
gelation occurred even at -18 °C and the gels obtained were opaque indicating 
formation of porous structures.  Based on these preliminary experimental findings, 
the formation mechanism of porous structures in PAAm gels in aqueous DMSO 
solutions was investigated.  
DMSO is a polyfunctional molecule with a highly polar S=O group and two 
hydrophobic CH3 groups.  Its polar site can interact with water forming strong 
hydrogen bonds, and its nonpolar sites can cause effects of hydrophobic hydration 
and hydrophobic association of DMSO molecules.  Therefore, aqueous solutions of 
DMSO display interesting intermediate behavior not seen in either neat solvent and 
depart strongly from ideal behavior [166, 167].  For example, Figure 8.38 shows the 
freezing point of aqueous DMSO solutions plotted against the DMSO content.  It is 
seen that DMSO-water mixtures exhibit a marked freezing point depression.  In the 
present work, the gelation reactions were carried out at -18 oC.  As seen in Figure 
8.38, the reaction system will freeze at -18 °C if the DMSO content is less than about 
30 v/v%.  Therefore, one would expect formation of macroporous cryogels if the gels 
are prepared in DMSO content less than about 30 v/v%. 
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Figure 8.38 : Freezing temperature of aqueous DMSO solutions shown as a 
function of their DMSO content by volume percent. Data were taken 
from [166, 168]. 
A series of PAAm gels were prepared by free radical crosslinking polymerization of 
AAm and BAAm in DMSO-water mixtures of various compositions.  As mentioned 
above, the gel preparation temperature Tprep was set to -18 °C.  Control experiments 
were carried out similarly, except that Tprep was set to 22 °C.  The initial 
concentration of the monomers as well as the crosslinker content was fixed at 15 w/v 
% and 1.25 mol %, respectively.  The properties of PAAm gels formed in various 
DMSO-water mixtures and the formation mechanisms of macroporous structures are 
discussed below.  
8.2.8.1 Properties of PAAm gels prepared in various DMSO-water mixtures   
The PAAm gels prepared in various DMSO-water mixtures were characterized by 
the measurements of their gel fractions, swelling degrees, elasticities as well as 
swelling and deswelling rates.  Figure 8.39 shows the gel fractions Wg plotted against 
the DMSO % in the solvent mixture.   Filled and open symbols are the results of 
measurements on gels prepared at -18 and 22°C, respectively.  If the DMSO content 
is more than 60 v/v % in the solvent mixture, no gel formation was observed at -
18°C.  Independent on the gelation temperature, the gel fraction Wg, is almost 
complete up to about 25 v/v % DMSO, whereas it slightly decreases as the DMSO % 
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is further increased.  As described before, complete monomer conversion even at -
18oC is due to the high monomer concentration in the unfrozen reaction zones of the 
apparently frozen reaction system. 
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Figure 8.39 : The weight fraction of gel Wg plotted as a function of DMSO % of the 
reaction solution. Filled and open symbols are the results of 
measurements on gels prepared at -18 and 22 °C, respectively.  
Similar to the gel fraction results, the elastic behavior of gels is almost independent 
on temperature in the range of 0 to 25 v/v % DMSO.   Figure 8.40 shows the elastic 
modulus G of gels plotted as a function of DMSO % of the reaction solution.   Filled 
and open symbols are the results of measurements on gels prepared at -18 and 22°C, 
respectively.  In this range, the gels exhibit an elastic modulus of about 20 kPa.  As 
the DMSO content is further increased, the elastic modulus of low temperature gels 
rapidly decreases and approaches to 102 Pa at 60 v/v % DMSO. 
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Figure 8.40 : The modulus of elasticity of swollen gels G plotted as a function of 
DMSO % of the reaction solution. Filled and open symbols are the 
results of measurements on gels prepared at -18 and 22 °C, 
respectively. 
Figures 8.41A and 8.41 B show the swelling ratios qw and qv of gels prepared at -18 
and 22°C, respectively, plotted against the DMSO content of the reaction solution.  
For the hydrogels prepared at 22 °C, both qw and qv are equal and slightly increasing 
function of DMSO %. However, cryogels exhibit non-monotonic volume swelling 
behavior with a maximum appearing at about 20 v/v % DMSO at which qv becomes 
equal to qw.  In 8.41C and  8.41D, the swollen state porosities Ps  are shown as a 
function of DMSO % for the gels prepared at Tprep = -18 (C) and 22 °C (D).  The gels 
formed at room temperature exhibit negligible porosities in the swollen state while 
those formed at -18 oC are porous outside of the range of about 15 to 25 v/v % 
DMSO.  The swollen state porosity increases as the DMSO content is decreased or 
increased from 15 – 25 v/v %. 
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Figure 8.41 : A, B: The equilibrium weight (qw, triangles) and volume swelling 
ratios (qv, circles) of PAAm gels plotted against the DMSO content 
of the reaction solution. Tprep = -18 (A) and 22 °C (B). C, D: The 
swollen state porosities Ps  are shown as a function of DMSO % for 
the gels prepared at Tprep = -18 (C) and 22°C (D). 
To visualize the pores in PAAm gels, the network samples were investigated by 
SEM.  As expected, all the hydrogels prepared at high temperatures were nonporous.  
Figure 8.42 shows SEM images of the network samples prepared at -18 °C in 
DMSO-water mixture of various compositions, as indicated in the figure.  In accord 
with Figure 8.41C, the gels prepared in 25 v/v % DMSO exhibit glasslike fracture 
surfaces at the dry state but without pronounced microstructure.  However, the gels 
formed below or above 25 v/v % DMSO have a porous structure; those formed 
below 25 v/v % DMSO have irregular large pores of about 101 µm  in diameter, 
typical for macroporous networks created by the cryogelation technique.  However, 
those obtained above 25 v/v % DMSO have relatively small pores.  
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Figure 8.42 : SEM images of PAAm network samples prepared at -18oC in DMSO-
water mixture of various compositions. DMSO v/v % in the mixed 
solvent is indicated in the pictures. Magnification = x300. Scaling 
bars are 10 µm. 
Figure 8.43 shows the SEM image of -18 °C gel prepared in 60 v/v % DMSO at a 
larger magnification than in Figure 8.42 .  The morphology consists of aggregates of 
3-5 µm dimensions of well defined microspheres.  Two generation of pores building 
the microstructure of the gel network can be seen from the SEM image; one 
submicrometer sized pores between the microspheres and the other micrometer sized 
pores between the aggregates.   
 
Figure 8.43 : SEM image of the network sample prepared at -18 °C in an aqueous 
DMSO solution containing 60 v/v % DMSO. Magnification = x7500. 
Scaling bar is 1 µm. 
 116
The microspheres are about 0.1 – 0.5 µm in diameter.  Thus, the structure of the 
networks formed above 25 v/v % DMSO looks as cauliflowers, typical for a 
macroporous copolymer network formed by reaction-induced phase separation 
mechanism [17]. 
Figures 8.44 compares the response rates of the hydrogels prepared at -18 °C (filled 
symbols) and at 22 °C (open symbols).  Here, the relative volume swelling ratio  Vrel  
is plotted against the time t of deswelling in acetone and re-swelling in water.  Both 
the swelling and deswelling rates of -18°C gels prepared in water or in 50 v/v % 
DMSO solutions are much faster than those prepared at 22°C.  The low temperature 
gel attains its equilibrium collapsed and equilibrium swollen states within 5 to 10 
min, while the conventional gel requires 60 and 300 min to attain the equilibrium 
states in acetone and in water, respectively. 
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Figure 8.44 : Deswelling and swelling kinetics of PAAm hydrogels in acetone and 
in water, respectively, shown as the variation of the gel volume Vrel 
with the time of deswelling or swelling. Tprep = 22 oC, DMSO v/v %= 
0(O), 25(), 40() and 60(U).  Tprep = -18 oC, DMSO v/v %= 0(z) 
and 50 (S). 
The semilogaritmic plots in Figure 8.45 show the relative volume Vrel of low 
temperature gels prepared in aqueous DMSO solution of various compositions 
plotted against the swelling time in water.  It is seen that the time to attain the 
equilibrium swollen gel state increases, that is, the response rate decreases as the 
DMSO content is increased up to 25 v/v % (Figure 8.45 A); at this DMSO 
concentration, the response rate of the low temperature gel is almost equal to that of 
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the room temperature gels.  Further increase in the DMSO % again increases the 
response rate of the hydrogels (Figure 8.45 B).  Similar findings were also observed 
during the deswelling processes of the gels in acetone.  Since creation of pores inside 
the gel matrix increases its response rate, these results are in accord with the 
microscopic observation of the network structures reported above.  Thus, fast 
responsive PAAm gels form as the DMSO content in the mixed solvent is decreased 
or increased starting from 25 v/v %. 
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Figure 8.45 : Swelling kinetics of PAAm gels in water shown as the variation of 
the gel volume Vrel with the time of swelling. Tprep = -18 oC. A and B 
show the DMSO ranges between 0 – 25 and 25 – 50 v/v %, 
respectively. DMSO v/v %= 0(z), 5(O), 10(S), 25(U), 40(T), and 
50 (V).  DMSO content  (v/v %) is also indicated in the figure. 
8.2.8.2 Formation of macroporous structures in PAAm gels depending on the 
mixed solvent composition 
In order to explain the formation of macroporous structures in PAAm gels prepared 
in DMSO water mixtures, the freezing features of these mixtures should be well-
understood.  As pointed out in Section 8.2.1, macroporous structures by the 
cryogelation mechanism start to appear at polymerization temperatures about 8 oC 
below the freezing point of the reaction system.   Thus, to obtain macroporous 
PAAm gels at -18 °C, the freezing point of the reaction solution should be -10 °C, 
which corresponds to a DMSO concentration of 23 v/v % (Figure 8.38).    
Accordingly, at DMSO contents below 23 v/v %, porous structures in PAAm gels 
 118
should form due to the cryogelation where the solvent crystals in the reaction system 
act as a template.  Indeed, as shown in Figure 8.42, SEM images of the gel networks 
formed below 25 v/v % DMSO are typical for macroporous networks created by the 
cryogelation mechanism.    At larger DMSO contents, one would expect formation of 
non-porous hydro gels due to the fact that the reaction system in unfrozen at -18 °C 
(Figure 8.38).  In contrast, however, only gels formed around 25 v/v % DMSO were 
found to be non-porous while at larger DMSO contents, macroporous hydrogels with 
cauliflower morphology were obtained indicating that the porosity is induced by 
phase separation mechanism.  Thus, formation mechanism of the porous structures in 
gels seems to change from cryogelation to phase separation polymerization by 
simply varying the mixed solvent composition.  
Phase separation during gelation requires the condition that the polymerization 
solvent should be a poor solvent for the gel formed.  In order to proof this condition, 
swelling measurements were conducted in aqueous 50 % DMSO solutions at various 
temperatures.  Cylindrical gel samples of 4 mm in diameter and about 5 mm in 
length were first swollen in water until equilibrium is reached.   Then, to obtain gels 
at various initial polymer concentrations CP, equilibrium swollen gels were placed in 
sealed 50 mL vials at room temperature to evaporate a desired amount of the gel 
solvent.  This procedure ensured uniformity of the network concentration throughout 
the gel sample.  After a given evaporation time (a few minutes up to a few months), 
the diameters Di of partially swollen gels were measured, from which their polymer 
concentration CP (in g/mL) was calculated as: 
( )30 oiP DD
C
C =  (8.2) 
In this way, a series of hydrogel samples with CP  between 0.05 and 0.30 g/mL were 
obtained.  The gel samples were then immersed in 50 v/v % DMSO mixture at -18 oC 
and  Veq was calculated as explained in Section 7.1.  The swelling measurements 
were conducted at various temperatures by gradually changing the temperature of 
DMSO-water solution from -18 oC up to 22 oC and then back again to -8 oC.    
Figure 8.46 shows eqV  of the gels in 50 v/v % DMSO at various initial polymer 
concentrations Cp plotted against the swelling temperature Tswell.  The direction of the 
temperature change is indicated in the figures by the arrows.  It is known that, a 
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phase separation occurs during gelation, if the gel formed cannot absorb all the 
available reaction solution [17, 169]; in other words, if the swelling capacity of the 
gel is less than the amount of the DMSO-water mixture present in the system.  Thus, 
if the equilibrium volume swelling ratio eqV  ≥ 1, only one phase exists in the reaction 
system because the gel absorbs all the reaction solution available.  A phase 
separation during gelation requires the condition eqV  < 1 so that a part of the reaction 
solvent separates out of the gel phase.  In the Figure 8.46, this critical condition for a 
phase separation is denoted by the dotted horizontal lines. 
 It is seen that the initial polymer concentration CP  in the gels and thus, the direction 
of the temperature change significantly affect the swelling capacity of the gels. If CP  
is above 0.10 g/mL, DMSO-water mixture is a poor solvent for PAAm at low 
temperatures, so that the gel shrinks, while increasing temperature results in gel 
swelling [170].  It should be noted that such a strong temperature-dependent swelling 
behavior of PAAm gels in DMSO-water mixture has not been observed before. 
Figure 8.46 clearly shows that the polymer concentration in PAAm-DMSO-water 
ternary system is critical for the observation of deswelling transition at subzero 
temperatures and, is also responsible for the formation of macroporous hydrogels by 
phase separation mechanism.  
Figure 8.46 : Volume swelling ratio Veq of PAAm gels in 50 v/v % DMSO mixture 
at various  CP plotted against the swelling temperature Tswell. The 
direction of the temperature change is indicated by the arrows. The 
critical condition for a phase separation is denoted by the dotted 
horizontal lines. 
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At the polymer concentration of the gelation reactions, namely at CP  = 0.15 g/ml, the 
gels are in a collapsed state below 0°C, indicating that the polymer network formed 
below 0°C cannot absorb all the reaction solution so that a solution will separate 
from the gel phase.   Thus, the porous structure formed  is a result of the cooling-
induced phase separation mechanism.  As the temperature is increased, the gel 
volume eqV  rapidly increases (Figure 8.46).  The gels are in a swollen state if the 
temperature is above 14°C, so that a phase separation cannot occur during gelation.  
Thus, the polymer chains formed during the reaction at subzero temperatures 
undergo a deswelling transition, which is responsible for the formation of 
macroporous hydrogels in the mixed solvent containing more than 25 v/v % DMSO.  
Thus, formation mechanism of the porous structures in PAAm gels changes from 
cryogelation to phase separation polymerization by varying the DMSO content in the 
mixed solvent composition.  Such a transition from one to another mechanism has 
not been reported in the literature before.  
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9.  CONCLUSIONS  
Hydrogels are soft and smart materials, capable of changing volume and/or shape in 
response to specific external stimuli such as the temperature, solvent quality.  These 
properties of the hydrogels received considerable interest in last three decades and a 
large number of hydrogel based devices have been proposed, including artificial 
organs, actuators, and on-off switches. However, the practical applications of 
hydrogels require significant improvements in their properties.  For example, design 
of gels with a good mechanical performance together a fast response rate is crucially 
important in many application areas.  Usual gels suffer from the lack of mechanical 
stability.  They also exhibit a slow rate of response against the external stimuli; for 
example, swelling or deswelling of a gel sample requires a few hours or days.  The 
present study was carried out to produce superfast responsive hydrogels with 
improved mechanical properties.   
In the first part of this thesis, it was shown that the gelation reactions of AMPS - 
BAAm reaction system at a high crosslinker content and at a low monomer 
concentration lead to the formation of microgel-network gels that stiffen upon 
swelling.  These microgel-network gels consist of highly crosslinked (dense) regions 
connected to a macronetwork through the network chains.  The low modulus of 
elasticity of the hydrogels even at a BAAm content as high as 50% suggests that the 
dense regions of gel mainly consist of agglomerates of BAAm molecules.  Since the 
interstices between the dense regions are highly diluted, the network chains in these 
regions are in an extended conformation. Due to this fact, swelling shifts these chains 
in the non-Gaussian regime, even at a gel state just after their preparation.  Using this 
route, although the mechanical properties of swollen hydrogels were improved, their 
response rate against the external stimuli was too slow for practical applications.   
To increase the response rate of hydrogels, the free radical crosslinking 
copolymerization reactions were conducted at subzero temperatures.  Effect of 
several experimental parameters on the gel properties was investigated.  The 
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conclusions that can be drawn from the experimental results can be summarized as 
follows: 
i) Conducting the copolymerization-crosslinking reactions of AMPS and 
BAAm below –8 oC leads to the formation of macroporous cryogels with 
superfast swelling and deswelling properties.  
ii) At subzero gel preparation temperatures Tprep, gravimetric measurements 
showed formation of an insoluble polymer network even at an initial 
monomer concentration of Co = 0.1 %.  However, gelation reactions 
conducted at 25 oC required at least Co = 5 % to obtain a crosslinked 
polymer.  Thus, the critical monomer concentration for the onset of 
gelation is much lower in the cryogels compared to the conventional 
hydrogels.  These results suggest that reducing Tprep below the bulk 
freezing temperature of the reaction system accelerates the intermolecular 
crosslinking reactions. 
iii)  Among several synthesis parameters affecting the properties of the 
resulting gels, the gel preparation temperature Tprep was found to be the 
most significant one.  Depending on Tprep, two different regimes were 
observed from the experiments.  At Tprep= -8 oC or above, PAMPS gels 
exhibit relatively high swelling ratios Veq of the order of 101, and low 
moduli of elasticity G in the range of 102–103 Pa.  However, decreasing  
Tprep below  -8 oC results in a tenfold decrease in the swelling ratio and 
about tenfold increase in the elastic modulus of gels.  Thus, the swelling 
and elastic properties of PAMPS drastically change as Tprep is decreased 
below – 8 oC.   SEM images of PAMPS networks formed at various Tprep, 
indicates that all of the polymer samples formed below -8 oC have a 
porous structure with pore sizes of 30–50 µm while those formed at or 
above -8 oC exhibit a continuous morphology.   
iv) Completely reversible swelling-deswelling cycles can be obtained using 
PAMPS cryogels prepared below -8 oC.  Gels formed below  -8 oC attain 
their equilibrium swollen volumes in less than 30 sec, while those formed 
at higher temperatures require about 1 h to reach their equilibrium state in 
water.  Moreover, if swollen PAMPS gels are immersed in acetone, those 
prepared below -8 oC attain their equilibrium collapsed state in 5 to 10 
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min, while those formed at higher temperatures are  too weak to withstand 
the volume changes.  Thus, decreasing Tprep below -8 oC results the 
formation of superfast-responsive PAMPS hydrogels, which are also 
stable against volume changes. 
v)  The microstructure of the PAMPS cryogels is distinctly different from 
the macroporous networks formed by reaction–induced phase separation 
mechanism, where the structure looks like cauliflowers and consists of 
aggregates of various sizes.  Further, the synthesized cryogels do not 
display the undesirable properties such as brittleness, which is commonly 
observed for macroporus gels formed by phase separation polymerization.  
vi)  In order to control the pore size of the PAMPS cryogels, several 
strategies were used. Introduction of the non-ionic AAm units in the 
network chains increases the size of the pores while addition of salts into 
the reaction mixture reduces the pore sizes. Increasing the initial 
monomer concentration increases both the size and the thickness of the 
pores.   
vii)  Two strategies were applied to conduct the polymerization reactions 
under isothermal conditions: i) Low temperature quenching ii) Delayed 
gelation by inhibitors.  It was found that the low temperature quenching in 
liquid nitrogen prior to the reactions provides formation of macroporous 
networks at relatively high subzero temperatures, i.e., the onset of 
macroporosity formation could be increased from -8 to -2 oC close to the 
freezing point of water.  This allows to produce cryogels at economically 
more feasible conditions.  The precooling step however destroys the 
regularity of the pores in the networks.  The addition of the 
polymerization inhibitor produces more regular pore structure with 
monodisperse pores.   
viii)  To highlight the effect of monomer type on the properties of hydrogels, 
AAm momoner was used instead of AMPS for the gel preparation.  
Tough PAAm gels with fast responsivity were obtained at Tprep below -
6oC.  All the PAAm gels prepared at or below -6 oC exhibit similar 
swelling and swelling-deswelling kinetics  as PAMPS cryogels.   
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ix) It was found that the degree of toughness of cryogels can be increased by 
decreasing the initial temperature (Tini) of the crosslinking 
polymerization.  Addition of APS  initiator at Tini = 0 °C leads to the 
formation of  very tough PAAm cryogels.  These cryogels  can be 
compressed up to about 100 % strain without any crack development 
while those formed at Tini = 21°C were fragile. 
x)   The effect of the type of the polymerization solvent on the properties of 
the gels was also investigated.  For this purpose, PAAm hydrogels were 
prepared in DMSO-water mixtures of various compositions at -18 °C.  
The gels formed in the solvent mixture with less than 25 % DMSO by 
volume have irregular large pores of about 101µm in diameter, typical for 
macroporous networks created by the cryogelation technique.  Non-
porous hydrogels were obtained in solutions containing 25 % DMSO, 
while at larger DMSO contents, the structure of the gel networks consists 
of aggregates of microspheres, which looks as cauliflowers, typical for a 
macroporous network formed by reaction-induced phase separation 
mechanism. Swelling measurements show that fast responsive PAAm 
gels can be obtained as the DMSO content in the mixed solvent is 
decreased or increased starting from 25 v/v %.  The results  were 
interpreted as the transition from cryogelation to the phase separation 
copolymerization due to the marked freezing point depression of the 
solvent mixture as well as due to the action of the mixed solvent as a poor 
solvating diluent at -18 oC. 
 125
REFERENCES  
[1] Degennes, P.G., 1992, Soft Matter (Nobel Lecture), Angewandte Chemie-
International Edition in English, 31, 842-845. 
 
[2] Tanaka, T., 1981, Gels, Scientific American, 244, 124-138. 
 
[3] Okano, T. and Sakurai, Y., 1990, Organic Polymer Gels, Ed. Yamauchi, A. 
Gakkai Shuppan Center, Tokyo,  66. 
 
[4] Shibayama, M. and Tanaka, T., 1993, Volume Phase-Transition and Related 
Phenomena of Polymer Gels, Advances in Polymer Science, 109, 1-62. 
 
[5] Santulli, C., Patel, S.I., Jeronimidis, G., Davis, F.J., and Mitchell, G.R., 2005, 
Development of smart variable stiffness actuators using polymer 
hydrogels, Smart Materials & Structures, 14, 434-440. 
 
[6] Durmaz, S. and Okay, O., 2000, Acrylamide/2-acrylamido-2-methylpropane 
sulfonic acid sodium salt-based hydrogels: synthesis and 
characterization, Polymer, 41, 3693-3704. 
 
[7] Ahagon, A. and Gent, A.N., 1975, Threshold Fracture Energies for Elastomers, 
Journal of Polymer Science Part B-Polymer Physics, 13, 1903-1911. 
 
[8] Brown, H.R., 2007, A model of the fracture of double network gels, 
Macromolecules, 40, 3815-3818. 
 
[9] Gong, J.P., Katsuyama, Y., Kurokawa, T., and Osada, Y., 2003, Double-
network hydrogels with extremely high mechanical strength, Advanced 
Materials, 15, 1155-1158. 
 
[10] Okumura, Y. and Ito, K., 2001, The polyrotaxane gel: A topological gel by 
figure-of-eight cross-links, Advanced Materials, 13, 485-487. 
 
[11] Miquelard-Garnier, G., Demoures, S., Creton, C., and Hourdet, D., 2006, 
Synthesis and rheological behavior of new hydrophobically modified 
hydrogels with tunable properties, Macromolecules, 39, 8128-8139. 
 
[12] Haraguchi, K. and Takehisa, T., 2002, Nanocomposite hydrogels: A unique 
organic-inorganic network structure with extraordinary mechanical, 
optical, and swelling/de-swelling properties, Advanced Materials, 14, 
1120-1124. 
 
 126
[13] Oh, K.S., Oh, J.S., Choi, H.S., and Bae, Y.C., 1998, Effect of cross-linking 
density on swelling behavior of NIPA gel particles, Macromolecules, 
31, 7328-7335. 
 
[14] Yoshida, R., Uchida, K., Kaneko, Y., Sakai, K., Kikuchi, A., Sakurai, Y., 
and Okano, T., 1995, Comb-Type Grafted Hydrogels with Rapid De-
Swelling Response to Temperature-Changes, Nature, 374, 240-242. 
 
[15] Kaneko, Y., Sakai, K., Kikuchi, A., Yoshida, R., Sakurai, Y., and Okano, 
T., 1995, Influence of Freely Mobile Grafted Chain-Length on 
Dynamic Properties of Comb-Type Grafted Poly(N-
Isopropylacrylamide) Hydrogels, Macromolecules, 28, 7717-7723. 
 
[16] Kaneko, Y., Sakai, K., Kikuchi, A., Sakurai, Y., and Okano, T., 1996, Fast 
swelling/deswelling kinetics of comb-type grafted poly(N-
isopropylacrylamide) hydrogels, Macromolecular Symposia, 109, 41-
53. 
 
[17] Okay, O., 2000, Macroporous copolymer networks, Progress in Polymer 
Science, 25, 711-779. 
 
[18] Kun, K.A. and Kunin, R., 1968, Macroreticular Resins .3. Formation of 
Macroreticular Styrene-Divinylbenzene Copolymers, Journal of 
Polymer Science Part a-1-Polymer Chemistry, 6, 2689-2701. 
 
[19] Seidl, J., Malinsky, K., Dusek, K., and Heitz, W., 1967, Makroporöse Styrol-
Divinylbenzol-Copolymere und ihre Verwendung in der 
Chromatographie und zur Darstellung von Ionenaustauschern, 
Advances in Polymer Science, 5, 113-213. 
 
[20] Lozinskii, V.I., Kalinina, E.V., Grinberg, V.Y., Grinberg, N.V., Chupov, 
V.V., and Plate, N.A., 1997, Thermoresponsible cryogels based on 
cross-linked poly(N,N '-diethylacrylamide), Vysokomolekulyarnye 
Soedineniya Seriya a & Seriya B, 39, 1972-1978. 
 
[21] Lozinsky, V.I., 2002, Cryogels on the basis of natural and synthetic polymers: 
Preparation, properties and application, Russian Chemical Reviews, 71, 
489-511. 
 
[22] Lozinsky, V.I., Plieva, F.M., Galaev, I.Y., and Mattiasson, B., 2001, The 
potential of polymeric cryogels in bioseparation, Bioseparation, 10, 
163-188. 
 
[23] Arvidsson, P., Plieva, F.M., Lozinsky, V.I., Galaev, I.Y., and Mattiasson, B., 
2003, Direct chromatographic capture of enzyme from crude 
homogenate using immobilized metal affinity chromatography on a 
continuous supermacroporous adsorbent, Journal of Chromatography 
A, 986, 275-290. 
 
 127
[24] Ivanov, R.V., Babushkina, T.A., and Lozinskii, V.I., 2005, Specifics of 
acrylamide cryopolymerization at temperatures above and below the 
eutectic point of the frozen reaction system, Polymer Science Series A, 
47, 791-799. 
 
[25] Lozinsky, V.I., Galaev, I.Y., Plieva, F.M., Savinal, I.N., Jungvid, H., and 
Mattiasson, B., 2003, Polymeric cryogels as promising materials of 
biotechnological interest, Trends in Biotechnology, 21, 445-451. 
 
[26] Lozinsky, V.I., Golovina, T.O., and Gusev, D.G., 2000, Study of 
cryostructuration of polymer systems: XIII. Some characteristic features 
of the behaviour of macromolecular thiols in frozen aqueous solutions, 
Polymer, 41, 35-47. 
 
[27] Savina, I.N., Mattiasson, B., and Galaev, I.Y., 2005, Graft polymerization of 
acrylic acid onto macroporous polyacrylamide gel (cryogel) initiated by 
potassium diperiodatocuprate, Polymer, 46, 9596-9603. 
 
[28] Ivanov, R.V., Lozinsky, V.I., Noh, S.K., Lee, Y.R., Han, S.S., and Lyoo, 
W.S., 2008, Preparation and characterization of polyacrylamide 
cryogels produced from a high-molecular-weight precursor. II. The 
influence of the molecular weight of the polymeric precursor, Journal 
of Applied Polymer Science, 107, 382-390. 
 
[29] Hermans, P.H., 1949, Gels. In Colloid Science, Vol. II, Ed. Kruyt. H. R. 
Elsevier Publishing Company, Inc., Amsterdam, The Netherlands. 
 
[30] Atkins, P.W., 1990, Physical Chemistry, 4th ed. Oxford University Press, 
Oxford, UK. 
 
[31] Almdal, K., Dyre, J., Hvidt, S., and Kramer, O., 1993, What Is a Gel, 
Makromolekulare Chemie-Macromolecular Symposia, 76, 49-51. 
 
[32] Tanaka, T., 1992, Phase-Transitions of Gels, Acs Symposium Series, 480, 1-21. 
 
[33] Funke, W., Okay, O., and Joos-Muller, B., 1998, Microgels - 
Intramolecularly crosslinked macromolecules with a globular structure, 
Microencapsulation - Microgels - Iniferters, 136, 139-234. 
 
[34] Flory, P.J., 1970, Thermodynamics of Polymer Solutions, Discussions of the 
Faraday Society, 7-29. 
 
[35] Flory, P.J., 1941, Thermodynamics of High Polymer Solutions, Journal of 
Chemical Physics, 9, 660-661. 
 
[36] Flory, P.J., 1941, Molecular Size Distribution in Three Dimensional Polymers. 
III. Tetrafunctional Branching Units, Journal of the American Chemical 
Society, 63, 3096-3100. 
 
 128
[37] Huggins, M.L., 1943, Properties of Rubber Solutions and Gels, Industrial and 
Engineering Chemistry, 35, 216-220. 
 
[38] Huggins, M.L., 1941, Theory of Solutions of High Polymers, Journal of the 
American Chemical Society, 64, 1712-1719. 
 
[39] Treloar, L.R.G., 1952, The Thermodynamic Study Of Rubber-Like Elasticity, 
Proceedings of the Royal Society of London Series B-Biological 
Sciences, 139, 506-521. 
 
[40] Treloar, L.R.G., 1951, The Physical Properties of Amorphous Polymer 
Networks, Chemistry & Industry, 955-958. 
 
[41] Dusek, K. and Patterson, D., 1968, Transitionin Swollen Polymer Networks 
Induced by Intramolecular Condensation, Journal of Polymer Science 
Part a-2-Polymer Physics, 6, 1209-1216. 
 
[42] Swislow, G., Sun, S.T., Nishio, I., and Tanaka, T., 1980, Coil-Globule Phase-
Transition in a Single Polystyrene Chain in Cyclohexane, Physical 
Review Letters, 44, 796-798. 
 
[43] Horkay, F. and Zrinyi, M., 1988, Studies on Mechanical and Swelling 
Behavior of Polymer Networks on the Basis of the Scaling Concept .7. 
Effect of Deformation on the Swelling Equilibrium Concentration of 
Gels, Macromolecules, 21, 3260-3266. 
 
[44] Melekaslan, D. and Okay, O., 2001, Reentrant phase transition of strong 
polyelectrolyte poly(N-isopropylacrylamide) gels in PEG solutions, 
Macromolecular Chemistry and Physics, 202, 304-312. 
 
[45] Ishidao, T., Akagi, M., Sugimoto, H., Iwai, Y., and Arai, Y., 1993, Swelling 
Behaviors of Poly(N-Isopropylacrylamide) Gel in Poly(Ethylene 
Glycol) - Water Mixtures, Macromolecules, 26, 7361-7362. 
 
[46] Katayama, S., Hirokawa, Y., and Tanaka, T., 1984, Reentrant Phase-
Transition in Acrylamide-Derivative Copolymer Gels, Macromolecules, 
17, 2641-2643. 
 
[47] Katayama, S. and Ohata, A., 1985, Phase-Transition of a Cationic Gel, 
Macromolecules, 18, 2781-2782. 
 
[48] Amiya, T., Hirokawa, Y., Hirose, Y., Li, Y., and Tanaka, T., 1987, Reentrant 
Phase-Transition of N-Isopropylacrylamide Gels in Mixed-Solvents, 
Journal of Chemical Physics, 86, 2375-2379. 
 
[49] Kopecek, J., 2007, Hydrogel biomaterials: A smart future?, Biomaterials, 28, 
5185-5192. 
 
 129
[50] Chen, J., Park, H., and Park, K., 1999, Synthesis of superporous hydrogels: 
Hydrogels with fast swelling and superabsorbent properties, Journal of 
Biomedical Materials Research, 44, 53-62. 
 
[51] Wang, C., Stewart, R.J., and Kopecek, J., 1999, Hybrid hydrogels assembled 
from synthetic polymers and coiled-coil protein domains, Nature, 397, 
417-420. 
 
[52] Yang, J.Y., Xu, C.Y., Wang, C., and Kopecek, J., 2006, Refolding hydrogels 
self-assembled from N-(2-hydroxypropyl)methacrylamide graft 
copolymers by antiparallel coiled-coil formation, Biomacromolecules, 
7, 1187-1195. 
 
[53] Petka, W.A., Harden, J.L., McGrath, K.P., Wirtz, D., and Tirrell, D.A., 
1998, Reversible hydrogels from self-assembling artificial proteins, 
Science, 281, 389-392. 
 
[54] Chirila, T.V., Constable, I.J., Crawford, G.J., Vijayasekaran, S., 
Thompson, D.E., Chen, Y.C., Fletcher, W.A., and Griffin, B.J., 
1993, Poly(2-Hydroxyethyl Methacrylate) Sponges as Implant 
Materials - Invivo and Invitro Evaluation of Cellular Invasion, 
Biomaterials, 14, 26-38. 
 
[55] Woerly, S., 1997, Porous hydrogels for neural tissue engineering, Porous 
Materials for Tissue Engineering, 250, 53-68. 
 
[56] Oxley, H.R., Corkhill, P.H., Fitton, J.H., and Tighe, B.J., 1993, Macroporous 
Hydrogels for Biomedical Applications - Methodology and 
Morphology, Biomaterials, 14, 1064-1072. 
 
[57] DeRossi, D., Kajiwara, K., Osada, Y., and Yamauchi, A., 1991, Polymer 
Gels, Plenum, New York. 
 
[58] Osada, Y. and Kajiwara, K., 2001, Gel Handbook, Academic Pres, New York. 
 
[59] Peppas, N.A., Huang, Y., Torres-Lugo, M., Ward, J.H., and Zhang, J., 
2000, Physicochemical, foundations and structural design of hydrogels 
in medicine and biology, Annual Review of Biomedical Engineering, 2, 
9-29. 
 
[60] Pinkrah, V.T., Snowden, M.J., Mitchell, J.C., Seidel, J., Chowdhry, B.Z., 
and Fern, G.R., 2003, Physicochemical properties of poly(N-
isopropylacrylamide-co-4-vinylpyridine) cationic polyelectrolyte 
colloidal microgels, Langmuir, 19, 585-590. 
 
[61] Suzuki, M. and Hirasa, O., 1993, An Approach to Artificial Muscle Using 
Polymer Gels Formed by Microphase Separation, Advances in Polymer 
Science, 110, 241-261. 
 
 130
[62] Brondsted, H. and Kopecek, J., 1992, Ph-Sensitive Hydrogels - 
Characteristics and Potential in Drug Delivery, Acs Symposium Series, 
480, 285-304. 
 
[63] Kim, S.W., 1996, Temperature Sensitive Polymers for Delivery of 
Macromolecular Drugs in Advanced Biomaterials in Biomedical 
Engineering and Drug Delivery Systems, Ed, Ogata,N.  Kim, S.W. 
Feijen, J. Okano,T., Springer, Tokyo,  125-133. 
 
[64] Hirotsu, S., Hirokawa, Y., and Tanaka, T., 1987, Volume-Phase Transitions 
of Ionized N-Isopropylacrylamide Gels, Journal of Chemical Physics, 
87, 1392-1395. 
 
[65] Ozmen, M.M. and Okay, O., 2003, Swelling behavior of strong 
polyelectrolyte poly(N-t-butylacrylamide-co-acrylamide) hydrogels, 
European Polymer Journal, 39, 877-886. 
 
[66] Ozturk, V. and Okay, O., 2002, Temperature sensitive poly(N-t-
butylacrylamide-co-acrylamide) hydrogels: synthesis and swelling 
behavior, Polymer, 43, 5017-5026. 
 
[67] Siegel, R.A., Falamarzian, M., Firestone, B.A., and Moxley, B.C., 1988, Ph-
Controlled Release from Hydrophobic Poly-Electrolyte Copolymer 
Hydrogels, Journal of Controlled Release, 8, 179-182. 
 
[68] Ricka, J. and Tanaka, T., 1984, Swelling of Ionic Gels - Quantitative 
Performance of the Donnan Theory, Macromolecules, 17, 2916-2921. 
 
[69] Ilmain, F., Tanaka, T., and Kokufuta, E., 1991, Volume Transition in a Gel 
Driven by Hydrogen-Bonding, Nature, 349, 400-401. 
 
[70] Gianetti, G., Hirose, Y., Hirokowa, Y., and Tanaka, T., 1988, Molecular 
Electronic Devices, Elsevier Appl. Sci., London. 
 
[71] Nagasawa, H., Gong, J.P., and Osada, Y., 2002, Intelligent gels, Actualite 
Chimique, 175-181. 
 
[72] Daganl, R., 1997, Intelligent gels, Chemical & Engineering News, 75, 26-37. 
 
[73] Fleer, G.J., Stuart, M.A.C., Scheutjens, J.M.H.M., Cosgrove, T., and 
Vincet, B., 1993, Polymers at Interfaces, Chapman & Hall, London. 
 
[74] Flory, P.J., 1953, Principles of Polymer Chemistry, Cornell University Pres, 
Ithaca, New York. 
 
[75] Treloar, L.R.G., 1975, The Physics of Rubber Elasticity, 3rd Edition, 
Clarendon Pres, Oxford. 
 
[76] Kuhn, W., 1934, Über die Gestalt fadenförmiger Moleküle in Lösungen, 
Kolloid-Zeitschrift and Zeitschrift Fur Polymere, 68, 2-15. 
 131
 
[77] Kuhn, W., 1936, Beziehungen zwischen Molekülgröße, statistischer 
Molekülgestalt und elastischen Eigenschaften hochpolymerer Stoffe, 
Kolloid-Zeitschrift and Zeitschrift Fur Polymere, 76, 258-271. 
 
[78] Guth, E. and Mark, H., 1934, Zur innermolekularen, Statistik, insbesondere 
bei Kettenmolekiilen, Monatshefte Fur Chemie, 65, 93-121. 
 
[79] Okay, O., Sariisik, S.B., and Zor, S.D., 1998, Swelling behavior of anionic 
acrylamide-based hydrogels in aqueous salt solutions: Comparison of 
experiment with theory, Journal of Applied Polymer Science, 70, 567-
575. 
 
[80] Okay, O., Naghash, H.J., and Pekcan, O., 1995, Critical Properties for 
Gelation in Free-Radical Cross-Linking Copolymerization, 
Macromolecular Theory and Simulations, 4, 967-981. 
 
[81] Skouri, R., Schosseler, F., Munch, J.P., and Candau, S.J., 1995, Swelling 
and Elastic Properties of Polyelectrolyte Gels, Macromolecules, 28, 
197-210. 
 
[82] Jabbari, E. and Nozari, S., 2000, Swelling behavior of acrylic acid hydrogels 
prepared by gamma-radiation crosslinking of polyacrylic acid in 
aqueous solution, European Polymer Journal, 36, 2685-2692. 
 
[83] Breedveld, V., Nowak, A.P., Sato, J., Deming, T.J., and Pine, D.J., 2004, 
Rheology of block copolypeptide solutions: Hydrogels with tunable 
properties, Macromolecules, 37, 3943-3953. 
 
[84] Muniz, E.C. and Geuskens, G., 2001, Compressive elastic modulus of 
polyacrylamide hydrogels and semi-IPNs with poly(N-
isopropylacrylamide), Macromolecules, 34, 4480-4484. 
 
[85] Okay, O. and Durmaz, S., 2002, Charge density dependence of elastic 
modulus of strong polyelectrolyte hydrogels, Polymer, 43, 1215-1221. 
 
[86] Lee, J., Macosko, C.W., and Urry, D.W., 2001, Mechanical properties of 
cross-linked synthetic elastomeric polypentapeptides, Macromolecules, 
34, 5968-5974. 
 
[87] Kong, H.J., Wong, E., and Mooney, D.J., 2003, Independent control of 
rigidity and toughness of polymeric hydrogels, Macromolecules, 36, 
4582-4588. 
 
[88] Kong, H.J., Lee, K.Y., and Mooney, D.J., 2002, Decoupling the dependence 
of rheological/mechanical properties of hydrogels from solids 
concentration, Polymer, 43, 6239-6246. 
 
 132
[89] Lake, G.J. and Thomas, A.G., 1967, Strength of Highly Elastic Materials, 
Proceedings of the Royal Society of London Series a-Mathematical and 
Physical Sciences, 300, 108-119. 
 
[90] Tanaka, Y., Gong, J.P., and Osada, Y., 2005, Novel hydrogels with excellent 
mechanical performance, Progress in Polymer Science, 30, 1-9. 
 
[91] Tanaka, Y., Kuwabara, R., Na, Y.H., Kurokawa, T., Gong, J.P., and Osada, 
Y., 2005, Determination of fracture energy of high strength double 
network hydrogels, Journal of Physical Chemistry B, 109, 11559-
11562. 
 
[92] Tsukeshiba, H., Huang, M., Na, Y.H., Kurokawa, T., Kuwabara, R., 
Tanaka, Y., Furukawa, H., Osada, Y., and Gong, J.P., 2005, Effect 
of polymer entanglement on the toughening of double network 
hydrogels, Journal of Physical Chemistry B, 109, 16304-16309. 
 
[93] Url <http://altair.sci.hokudai.ac.jp/g2/hierarchygel1_e.html> accesed at 
26.12.2008. 
 
[94] Patrickios, C.S. and Georgiou, T.K., 2003, Covalent amphiphilic polymer 
networks, Current Opinion in Colloid & Interface Science, 8, 76-85. 
 
[95] Gholap, S.G., Jog, J.P., and Badiger, M.V., 2004, Synthesis and 
characterization of hydrophobically modified poly(vinyl alcohol) 
hydrogel membrane, Polymer, 45, 5863-5873. 
 
[96] Cram, S.L., Brown, H.R., Spinks, G.M., Hourdet, D., and Creton, C., 2005, 
Hydrophobically modified dimethylacrylamide synthesis and 
rheological behavior, Macromolecules, 38, 2981-2989. 
 
[97] Haraguchi, K., Takehisa, T., and Fan, S., 2002, Effects of clay content on the 
properties of nanocomposite hydrogels composed of poly(N-
isopropylacrylamide) and clay, Macromolecules, 35, 10162-10171. 
 
[98] Haraguchi, K., Farnworth, R., Ohbayashi, A., and Takehisa, T., 2003, 
Compositional effects on mechanical properties of nanocomposite 
hydrogels composed of poly(N,N-dimethylacrylamide) and clay, 
Macromolecules, 36, 5732-5741. 
 
[99] Haraguchi, K., Li, H.J., Matsuda, K., Takehisa, T., and Elliott, E., 2005, 
Mechanism of forming organic/inorganic network structures during in-
situ free-radical polymerization in PNIPA-clay nanocomposite 
hydrogels, Macromolecules, 38, 3482-3490. 
 
[100] Okay, O. and Oppermann, W., 2007, Polyacrylamide-clay nanocomposite 
hydrogels: Rheological and light scattering characterization, 
Macromolecules, 40, 3378-3387. 
 
 133
[101] Abdurrahmanoglu, S., Can, V., and Okay, O., 2008, Equilibrium swelling 
behavior and elastic properties of polymer-clay nanocomposite 
hydrogels, Journal of Applied Polymer Science, 109, 3714-3724. 
 
[102] Can, V., Abdurrahmanoglu, S., and Okay, O., 2007, Unusual swelling 
behavior of polymer-clay nanocomposite hydrogels, Polymer, 48, 5016-
5023. 
 
[103] Okay, O., 2007, Macroporous Hydrogels from Smart Polymers in Smart 
Polymers: Application in Biotechnology and Biomedicine, Ed. 
Mattiason, B. J. Galaev, I. Y., 2nd edition. CRC Press, New York. 
 
[104] Dusek, K., 1962, Ionenaustauschergeruste .3. Kopolymere des Styrols mit 
Divinylbenzol Elastisches Verhalten Der in Toluol Gequollenen 
Kopolymeren, Collection of Czechoslovak Chemical Communications, 
27, 2841-2853. 
 
[105] Abrams, I.M., 1956, High Porosity Polystyrene Cation Exchange Resins, 
Industrial and Engineering Chemistry, 48, 1469-1472. 
 
[106] Dusek, K., 1967, Formation of a 3-Dimensional Network in Copolymerization 
of Styrene and Divinylbenzene, Collection of Czechoslovak Chemical 
Communications, 32, 1182-1190. 
 
[107] Dusek, K., 1967, Thermoelasticity of Swollen Styrene-Divinylbenzene 
Copolymers, Collection of Czechoslovak Chemical Communications, 
32, 2264-2271. 
 
[108] Aroca, A.S., Pradas, M.M., and Ribelles, J.L.G., 2008, Effect of 
crosslinking on porous poly(methyl methacrylate) produced by phase 
separation, Colloid and Polymer Science, 286, 209-216. 
 
[109] Aroca, A.S., Ribelles, J.L.G., Pradas, M.M., Garayo, A.V., and Anton, 
J.S., 2007, Characterisation of macroporous poly(methyl methacrylate) 
coated with plasma-polymerised poly(2-hydroxyethyl acrylate), 
European Polymer Journal, 43, 4552-4564. 
 
[110] Arshady, R., 1991, Beaded Polymer Supports and Gels .1. Manufacturing 
Techniques, Journal of Chromatography, 586, 181-197. 
 
[111] Dowding, P.J. and Vincent, B., 2000, Suspension polymerisation to form 
polymer beads, Colloids and Surfaces a-Physicochemical and 
Engineering Aspects, 161, 259-269. 
 
[112] Zhang, H., Edgar, D., Murray, P., Rak-Raszewska, A., Glennon-Alty, L., 
and Cooper, A.I., 2008, Synthesis of porous microparticles with 
aligned porosity, Advanced Functional Materials, 18, 222-228. 
 
[113] Zhang, H. and Cooper, A.I., 2007, Aligned porous structures by directional 
freezing, Advanced Materials, 19, 1529-1533. 
 134
 
[114] Lewis, R.V., Fallon, A., Stein, S., Gibson, K.D., and Udenfriend, S., 1980, 
Supports for Reverse-Phase High-Performance Liquid-Chromatography 
of Large Proteins, Analytical Biochemistry, 104, 153-159. 
 
[115] Lloyd, L.L., Millichip, M.I., and Watkins, J.M., 2002, Reversed-phase 
poly(styrene-divinylbenzene) materials optimised for large scale 
preparative and process purification of synthetic peptides and 
recombinant proteins, Journal of Chromatography A, 944, 169-177. 
 
[116] Sayil, C. and Okay, O., 2001, Macroporous poly(N-isopropyl)acrylamide 
networks: formation conditions, Polymer, 42, 7639-7652. 
 
[117] Omidian, H., Rocca, J.G., and Park, K., 2005, Advances in superporous 
hydrogels, Journal of Controlled Release, 102, 3-12. 
 
[118] Hentze, H.P. and Antonietti, M., 2001, Template synthesis of porous organic 
polymers, Current Opinion in Solid State & Materials Science, 5, 343-
353. 
 
[119] E., R., Lahrman, F.H., and Iwasaki, T., 1994, Porous, absorbent 
macrostructures of bonded absorbent particles surface crosslinked with 
cationic amino-epichlorohydrin adducts,  U.S. Patent, No. 5,324,561, . 
 
[120] Kato, N., Sakai, Y., and Shibata, S., 2003, Wide-range control of deswelling 
time for thermosensitive poly(N-isopropylacrylamide) gel treated by 
freeze-drying, Macromolecules, 36, 961-963. 
 
[121] Lehn, J.M., 1985, Supramolecular Chemistry - Receptors, Catalysts, and 
Carriers, Science, 227, 849-856. 
 
[122] Lehn, J.M., 1988, Supramolecular Chemistry - Scope and Perspectives 
Molecules, Supermolecules, and Molecular Devices, Angewandte 
Chemie-International Edition in English, 27, 89-112. 
 
[123] Lehn, J.M., 1993, Supramolecular Chemistry, Science, 260, 1762-1763. 
 
[124] Wulff, G., 1995, Molecular Imprinting in Cross-Linked Materials with the Aid 
of Molecular Templates - a Way Towards Artificial Antibodies, 
Angewandte Chemie-International Edition in English, 34, 1812-1832. 
 
[125] Gan, L.M., Liu, J., Poon, L.P., Chew, C.H., and Gan, L.H., 1997, 
Microporous polymeric composites from bicontinuous microemulsion 
polymerization using a polymerizable nonionic surfactant, Polymer, 38, 
5339-5345. 
 
[126] Mukai, S.R., Nishihara, H., and Tamon, H., 2006, Porous microfibers and 
microhoneycombs synthesized by ice templating, Catalysis Surveys 
from Asia, 10, 161-171. 
 
 135
[127] Nishihara, H., Mukai, S.R., Yamashita, D., and Tamon, H., 2005, Ordered 
macroporous silica by ice templating, Chemistry of Materials, 17, 683-
689. 
 
[128] Lozinsky, V.I., Ivanov, R.V., Kalinina, E.V., Timofeeva, G.I., and 
Khokhlov, A.R., 2001, Redox-initiated radical polymerisation of 
acrylamide in moderately frozen water solutions, Macromolecular 
Rapid Communications, 22, 1441-1446. 
 
[129] Worster, M.G. and Wettlaufer, J.S., 1997, Natural convection, solute 
trapping, and channel formation during solidification of saltwater, 
Journal of Physical Chemistry B, 101, 6132-6136. 
 
[130] Deville, S., Saiz, E., Nalla, R.K., and Tomsia, A.P., 2006, Freezing as a path 
to build complex composites, Science, 311, 515-518. 
 
[131] Bereli, N., Andac, M., Baydemir, G., Say, R., Galaev, I.Y., and Denizli, A., 
2008, Protein recognition via ion-coordinated molecularly imprinted 
supermacroporous cryogels, Journal of Chromatography A, 1190, 18-
26. 
 
[132] Lozinsky, V.I. and Plieva, F.M., 1998, Poly(vinyl alcohol) cryogels 
employed as matrices for cell immobilization. 3. Overview of recent 
research and developments, Enzyme and Microbial Technology, 23, 
227-242. 
 
[133] Hassan, C.M. and Peppas, N.A., 2000, Structure and applications of 
poly(vinyl alcohol) hydrogels produced by conventional crosslinking or 
by freezing/thawing methods, Advances in Polymer Science, 153, 37-
65. 
 
[134] Plieva, F.M., Karlsson, M., Aguilar, M.R., Gomez, D., Mikhalovsky, S., 
and Galaev', I.Y., 2005, Pore structure in supermacroporous 
polyacrylamide based cryogels, Soft Matter, 1, 303-309. 
 
[135] Plieva, F.M., Karlsson, M., Aguilar, M.R., Gomez, D., Mikhalovsky, S., 
Galaev, I.Y., and Mattiasson, B., 2006, Pore structure of macroporous 
monolithic cryogels prepared from poly(vinyl alcohol), Journal of 
Applied Polymer Science, 100, 1057-1066. 
 
[136] Plieva, F., Oknianska, A., Degerman, E., Galaev, I.Y., and Mattiasson, B., 
2006, Novel supermacroporous dextran gels, Journal of Biomaterials 
Science-Polymer Edition, 17, 1075-1092. 
 
[137] Kumar, A., Plieva, F.M., Galeav, I.Y., and Mattiasson, B., 2003, Affinity 
fractionation of lymphocytes using a monolithic cryogel, Journal of 
Immunological Methods, 283, 185-194. 
 
[138] Lozinsky, V.I., 1998, Cryotropic gelation of poly(vinyl alcohol), Russian 
Chemical Reviews, 67, 573-586. 
 136
 
[139] Plieva, F., Bober, B., Dainiak, M., Galaev, I.Y., and Mattiasson, B., 2006, 
Macroporous polyacrylamide monolithic gels with immobilized metal 
affinity ligands: The effect of porous structure and ligand coupling 
chemistry on protein binding, Journal of Molecular Recognition, 19, 
305-312. 
 
[140] Efremenko, E., Votchitseva, Y., Plieva, F., Galaev, I., and Mattiasson, B., 
2006, Purification of His(6)-organophosphate hydrolase using 
monolithic supermacroporous polyacrylamide cryogels developed for 
immobilized metal affinity chromatography, Applied Microbiology and 
Biotechnology, 70, 558-563. 
 
[141] Plieva, F.M., Savina, I.N., Deraz, S., Andersson, J., Galaev, I.Y., and 
Mattiasson, B., 2004, Characterization of supermacroporous 
monolithic polyacrylamide based matrices designed for 
chromatography of bioparticles, Journal of Chromatography B-
Analytical Technologies in the Biomedical and Life Sciences, 807, 129-
137. 
 
[142] Zhang, X.Z. and Chu, C.C., 2003, Thermosensitive PNIPAAm cryogel with 
superfast and stable oscillatory properties, Chemical Communications, 
1446-1447. 
 
[143] Savina, I.N., Cnudde, V., D'Hollander, S., Van Hoorebeke, L., Mattiasson, 
B., Galaev, I.Y., and Du Prez, F., 2007, Cryogels from poly(2-
hydroxyethyl methacrylate): macroporous, interconnected materials 
with potential as cell scaffolds, Soft Matter, 3, 1176-1184. 
 
[144] Kirsebom, H., Rata, G., Topgaard, D., Mattiasson, B., and Galaev, I.Y., 
2008, In situ H-1 NMR studies of free radical cryopolymerization, 
Polymer, 49, 3855-3858. 
 
[145] Jain, E., Srivastava, A., and Kumar, A., 2009, Macroporous interpenetrating 
cryogel network of poly(acrylonitrile) and gelatin for biomedical 
applications Journal of Materials Science-Materials in Medicine, in 
press. 
 
[146] Ceylan, D. and Okay, O., 2007, Macroporous polyisobutylene gels: A novel 
tough organogel with superfast responsivity, Macromolecules, 40, 
8742-8749. 
 
[147] Dogu, S. and Okay, O., 2008, Tough organogels based on polyisobutylene 
with aligned porous structures, Polymer, 49, 4626-4634. 
 
[148] Strachotova, B., Strachota, A., Uchman, M., Slouf, M., Brus, J., Plestil, J., 
and Matejka, L., 2007, Super porous organic-inorganic poly(N-
isopropylacrylamide)-based hydrogel with a very fast temperature 
response, Polymer, 48, 1471-1482. 
 
 137
[149] Plieva, F.M., Galaev, I.Y., and Mattiasson, B., 2007, Macroporous gels 
prepared at subzero temperatures as novel materials for chromatography 
of particulate-containing fluids and cell culture applications, Journal of 
Separation Science, 30, 1657-1671. 
 
[150] Galaev, I.Y., Dainiak, M.B., Plieva, F., and Mattiasson, B., 2007, Effect of 
matrix elasticity on affinity binding and release of bioparticles. Elution 
of bound cells by temperature-induced shrinkage of the smart 
macroporous hydrogel, Langmuir, 23, 35-40. 
 
[151] Bansal, V., Roychoudhury, P.K., and Kumar, A., 2007, Urokinase 
separation from cell culture broth of a human kidney cell line, 
International Journal of Biological Sciences, 3, 64-70. 
 
[152] Swieszkowski, W., Ku, D.N., Bersee, H.E.N., and Kurzydlowski, K.J., 
2006, An elastic material for cartilage replacement in an arthritic 
shoulder joint, Biomaterials, 27, 1534-1541. 
 
[153] Dainiak, M.B., Kumar, A., Galaev, I.Y., and Mattiasson, B., 2006, 
Detachment of affinity-captured bioparticles by elastic deformation of a 
macroporous hydrogel, Proceedings of the National Academy of 
Sciences of the United States of America, 103, 849-854. 
 
[154] Feng, X.D., Guo, X.Q., and Qiu, K.Y., 1988, Study of the Initiation 
Mechanism of the Vinyl Polymerization with the System Persulfate 
N,N,N',N'-Tetramethylethylenediamine, Makromolekulare Chemie-
Macromolecular Chemistry and Physics, 189, 77-83. 
 
[155] Kizilay, M.Y. and Okay, O., 2003, Effect of hydrolysis on spatial 
inhomogeneity in poly (acrylamide) gels of various crosslink densities, 
Polymer, 44, 5239-5250. 
 
[156] Shibayama, M., 1998, Spatial inhomogeneity and dynamic fluctuations of 
polymer gels, Macromolecular Chemistry and Physics, 199, 1-30. 
 
[157] Ozmen, M.M. and Okay, O., 2004, Non-Gaussian elasticity of poly(2-
acrylamido-2-methylpropane sulfonic acid) gels, Polymer Bulletin, 52, 
83-90. 
 
[158] Ozmen, M.M. and Okay, O., 2005, Superfast responsive ionic hydrogels with 
controllable pore size, Polymer, 46, 8119-8127. 
 
[159] Rizzieri, R., Baker, F.S., and Donald, A.M., 2003, A study of the large strain 
deformation and failure behaviour of mixed biopolymer gels via in situ 
ESEM, Polymer, 44, 5927-5935. 
 
[160] Dogu, Y. and Okay, O., 2006, Swelling-deswelling kinetics of poly(N-
isopropylacrylamide) hydrogels formed in PEG solutions, Journal of 
Applied Polymer Science, 99, 37-44. 
 
 138
[161] Ozmen, M.M. and Okay, O., 2006, Superfast responsive ionic hydrogels: 
Effect of the monomer concentration, Journal of Macromolecular 
Science Part a-Pure and Applied Chemistry, 43, 1215-1225. 
 
[162] Okay, O., Soner, E., Gungor, A., and Balkas, T.I., 1985, Phase-Separation 
in the Synthesis of Styrene Divinylbenzene Copolymers with Di-2-
Ethylhexyl Phthalate as Diluent, Journal of Applied Polymer Science, 
30, 2065-2074. 
 
[163] Okay, O., 1986, Heterogeneous Styrene Divinylbenzene Copolymers - 
Stability Conditions of the Porous Structures, Journal of Applied 
Polymer Science, 32, 5533-5542. 
 
[164] Ozmen, M.M., Dinu, M.V., Dragan, E.S., and Okay, O., 2007, Preparation 
of macroporous acrylamide-based hydrogels: Cryogelation under 
isothermal conditions, Journal of Macromolecular Science Part a-Pure 
and Applied Chemistry, 44, 1195-1202. 
 
[165] Dinu, M.V., Ozmen, M.M., Dragan, E.S., and Okay, O., 2007, Freezing as a 
path to build macroporous structures: Superfast responsive 
polyacrylamide hydrogels, Polymer, 48, 195-204. 
 
[166] Havemeye.Rn, 1966, Freezing Point Curve of Dimethyl Sulfoxide-Water 
Solutions, Journal of Pharmaceutical Sciences, 55, 851-853. 
 
[167] Kirchner, B. and Reiher, M., 2002, The secret of dimethyl sulfoxide-water 
mixtures. A quantum chemical study of 1DMSO-nwater clusters, 
Journal of the American Chemical Society, 124, 6206-6215. 
 
[168] Lee, P.A. and de Mora, S.J., 1999, Intracellular dimethylsulfoxide (DMSO) 
in unicellular marine algae: Speculations on its origin and possible 
biological, role, Journal of Phycology, 35, 8-18. 
 
[169] Okay, O., 1999, Phase separation in free-radical crosslinking 
copolymerization: formation of heterogeneous polymer networks, 
Polymer, 40, 4117-4129. 
 
[170] Ozmen, M.M., Dinu, M.V., and Okay, O., 2008, Preparation of macroporous 
poly(acrylamide) hydrogels in DMSO/water mixture at subzero 
temperatures, Polymer Bulletin, 60, 169-180. 
 
 
 
 
 
 
 
 
 139
CURRICULUM VITA 
 
Candidate’s full name:  Mehmet Murat ÖZMEN 
Place and date of birth:  Mardin-06.09.1977 
Permanent Address:  Cumhuriyet Mah. Hindibağ Sok.10/2 K. Çekmece/İST. 
Universities and 
Colleges attended:  Kocaeli University and    
 İstanbul Technical University  
Publications: 
1. Ozmen, M.M., and Okay, O., Swelling behavior of strong polyelectrolyte 
poly(N-t-butyl acrylamide-co-acrylamide) hydrogels  Eur. Polym. J., 39, 877-
886 (2003) 
 
2. Ozmen, M.M., and Okay, O., Non-Gaussian elasticity of poly (2-acrylamido-
2-methylpropane sulfonic acid) gels.  Polymer Bulletin, 52, 83-90 (2004)  
 
3. Ceylan D., Ozmen M.M., and Okay, O.,   Swelling-deswelling kinetics of 
poly (acrylamide) hydrogels and cryogels.  J. Appl. Polym. Sci., 99, 319-
325 (2005)  
 
4. Ozmen M.M., and Okay, O.,   Superfast responsive ionic hydrogels with 
controllable pore size.   Polymer, 46, 8119-8127 (2005) 
 
5. Ozmen M.M., and Okay O, Superfast responsive ionic hydrogels: Effect of 
the monomer concentration. J. Macromol. Sci. A: Pure and Appl. Chem., 43, 
1215-1225, (2006) 
 
6. Dinu MV, Ozmen MM, Dragan ES, Okay O, Freezing as a path to build 
macroporous structures: Superfast responsive polyacrylamide hydrogels., 
Polymer, 48, 195-204, (2007) 
 
7. Ozmen MM, Dinu MV, Dragan ES, and Okay O, Preparation of 
Macroporous Acrylamide-based Hydrogels: Cryogelation under Isothermal 
Conditions. J. Macromol. Sci. A Pure and Appl. Chem., 44, 1195-1202 (2007) 
 140
 
8. Ozmen MM, Dinu MV, and Okay O., Preparation of macroporous 
poly(acrylamide) hydrogels in DMSO/water mixture at subzero temperatures  
Polymer Bulletin,  60, 169-180 (2008)  
 
9. Ozmen MM, and Okay O., Formation of macroporous poly(acrylamide) 
hydrogels in DMSO/water mixture:  Transition from cryogelation to phase 
separation copolymerization. React. Funct. Polym 68, 1467-1475 (2008) 
